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Abstract: In the present work, hybrid super-structured nanomaterials were synthesized by the
combination of smectite nanoclays with various carbon-based nanomaterials (graphene oxide, carbon
nanotubes and adamantylamine) and were used as nanosupports for the covalent and non-covalent
immobilization of laccase from Trametes versicolor (TvL). TvL was successfully immobilized on these
hybrid nanomaterials, achieving high immobilization yields (up to 85%), while its conformation
remained unaltered upon immobilization. The apparent kinetic constants Vmax and Km of the
immobilized enzymes strongly depended on the immobilization procedure and the composition
of hybrid nanomaterials. Immobilized TvL preserved up to 50% of its initial activity after 24 h of
incubation at 60 ◦C, while free enzyme was totally deactivated. The TvL-hybrid nanomaterials
bioconjugates were efficiently applied for the degradation of various synthetic dyes, exhibiting
excellent decolorization capacity, as well as high reusability (up to 11 successive catalytic cycles),
providing insights into the use of these bionanoconjugates on applications with environmental, and
industrial interest.

Keywords: dye decolorization; hybrid nanomaterials; laccase; immobilization; green bioprocesses

1. Introduction

Dyes are chemical compounds that are used extensively in textile and printing
industry [1,2]. Dye decomposition results in the production of several toxic substances
which are released in the environment through waste effluents, causing toxic, muta-
genic or carcinogenic problems [3,4]. Thus, dye degradation or modification of the pro-
duced by-products is of critical significance. So far, the elimination of dyes is performed
by a variety of methods, including chemical oxidation, adsorption, co-precipitation or
photodegradation [4]. However, the application of such physicochemical approaches dis-
plays some major disadvantages, such as application of high-cost and complicated op-
erations, use of large amount of chemicals, production of more toxic by-products, and
generation of toxic sludge that leads to secondary pollution [5,6]. An alternative and
environmental-friendly procedure relies on enzymatic treatment, as the products of enzy-
matic degradation are less toxic than the pristine synthetic dyes and they can be utilized by
different natural organisms [7,8]. Additionally, enzymatic treatment can occur at a wide
range of pH and temperature, and against high concentrations of pollutants [9]. Fungal and
microbial laccases have been widely explored towards their use in textile water treatment
for dye decolorization and detoxification, via degradation or polymerization reactions,
due to their oxidation power and ability to oxidize different chemical compounds [10].
Laccases (benzendiol:oxygen oxidoreductases, EC 1.10.3.2) are multi-copper containing
oxidases, that catalyze the one-electron oxidation of a wide range of organic and inorganic
substances, through the reduction of molecular oxygen to water [11,12]. Laccases exhibit
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broad substrate specificity, thus they are widely applied in wood fiber modification, chemi-
cal or medicinal synthesis, detoxification of pollutants, and biological bleaching in pulp
and paper industries [13–15].

However, the use of enzymes in industrial scale is limited due to some main drawbacks
they present, such as high solubility, low stability under conditions of high temperatures,
extreme pH values or use of organic co-solvents, and incapability of being used for suc-
cessive reaction cycles [16]. Immobilization of enzymes on supports provides a solution
to this problem. Amongst the supports used to date, carbon-based nanomaterials, such
as graphene oxide and carbon nanotubes, as well as their composites, find application in
different fields, for instance in sensing, bio-imaging, energy storage and catalysis [17–20],
while they are also promising candidates as immobilization carriers. Due to their unique
characteristics such as biocompatibility, excellent chemical, mechanical and thermal stabil-
ity, large surface area and ability of easy surface modification by diverse functional groups,
these nanomaterials are able to interact with protein molecules, leading to high protein
loading and to the development of robust nanobiocatalysts with improved biocatalytic and
structural characteristics [16].

Herein, we report the synthesis of hybrid super-structures, based on the combina-
tion of smectite clays with different carbon-based nanomaterials, and their application as
nanosupports for the immobilization of laccase from Trametes versicolor (TvL). The combina-
tion of relevant and desirable features of different materials may result in the synthesis of
hybrid or composite materials that present a broad spectrum of properties, e.g., enhanced
mechanical properties, dimensional stability, thermal and chemical stability, and electrical
conductivity [21]. Smectite clays are 2D layered minerals with sheet-like geometry, con-
sisted of aluminosilicate nanoplatelets, where each layer is composed by a combination of
an octahedral and a tetrahedral sheet. They present excellent properties such as cation ex-
change capacity, porosity, swelling response and intercalation capacity [21,22], which make
them valuable nanostructures for applications in catalysis, organic synthesis, and adsorp-
tion of inorganic/organic components, such as pollutants and dyes [21,23–25]. The nature
of the organized structure between the aluminosilicate sheets, as well as their tailor-made
properties using simple techniques, may result in the controlled intercalation of molecules,
and thus making them versatile supports for the specific immobilization of a plethora of
biomolecules, such as enzymes [26]. The chemical and structural properties of layered smec-
tite clays could be tailored and further improved by the addition of organic or polymeric
molecules [27]. Graphene oxide (GO), oxidized multi-walled carbon nanotubes (CNTs) and
adamantylamine (ADA) were chosen as the organic components for the synthesis of the
hybrid super-structured nanomaterials. GO is a 2D carbon nanomaterial owing to excellent
chemical reactivity, thermal and mechanical stability, and is widely applied in the develop-
ment of biosensors, drug delivery, and enzyme immobilization [17,18]. CNTs, consisting
of a concentric cylindrically order of graphene sheets, are also being explored for a wide
range of biological applications, due to their structure and mechanical properties [28,29].
Adamantylamime (ADA), the amine-derivative of the smallest nanodiamond, adamantane,
is widely applied in pharmaceutical industry due to its low toxicity [25]. Moreover, ADA is
used in nanotechnology for nanomaterial functionalization, due to its unique structure of
tricyclic saturated hydrocarbons [25]. For instance, it has been reported that when ADA is
intercalated between clay and/or GO sheets, it provides the resulted nanocomposites with
a greater interlayer space, increasing their capacity in phenolic derivatives adsorption, e.g.,
chlorophenols, compared to the parental materials [25]. This characteristic makes ADA a
promising candidate for nanomaterial functionalization towards their use in adsorption of
phenolic pollutants.

In the present work, the synthesized hybrid nanomaterials, namely Clay-ADA, Clay-
CNTs and Clay-GO, were used as supports for both covalent and non-covalent immo-
bilization of laccase. The novel nanobiocatalysts that were designed were studied for
their biocatalytic activity, by determining their apparent kinetic parameters, while Fourier-
transform infrared (FTIR) spectroscopy was used to investigate the effect of the hybrid
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nanomaterials on the structure of TvL. Finally, the prepared immobilized biocatalysts
were applied for the decolorization of various synthetic dyes, providing insights into
the use of immobilized enzymes in applications of biotechnological, environmental, and
industrial interest.

2. Materials and Methods
2.1. Materials

Laccase from Trametes versicolor (13.6 U mg−1, TvL), 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS), methyl orange, bromophenol blue, bromothymol blue, phenol
red, Coomassie brilliant blue G250, 1-hydroxybenzotriazole (HBT), N-hydroxysuccinimide
(NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) were obtained from Sigma
(St. Louis, MO, USA). Glutaraldehyde solution 25% was purchased from Merck (KGaA,
Darmstadt, Germany). All other reagents were of analytical grade.

2.2. Synthesis of Hybrid Nanomaterials

The synthesis and characterization of the hybrid nanostructures have been previously
published [25,30]. For this reason, a short description of the experimental details regarding
the synthetic protocols of the nanomaterials is presented in this work, while the extended
details can be found in the respected references.

For the synthesis of Clay-ADA, 300 mg of sodium clay (SWy-2, Source Clay Minerals
Repository, University of Missouri, Columbia, MO, USA) were dispersed in 100 mL H2O
and then reacted with 100 mL of a 20:1 (v/v) ethanol: water solution containing 50 mg of
1-adamantylamine (97%, Aldrich, St. Louis, MO, USA). Five drops of a 1 M aqueous solu-
tion HCl were added and the mixture was stirred for 24 h [25], followed by centrifugation
(3500 rpm, 30 min), washed three times with H2O and air-dried.

For the synthesis of Clay-CNTs, 500 mg of sodium clay (Zenith, S&B Industrial min-
erals S.A., Milos, Greece) were dispersed in 100 mL H2O and reacted with 100 mL of a
0.01 M aqueous solution of NiCl2·6H2O and FeCl2·6H2O for 3 h, to obtain Ni/Fe-exchanged
clay [31–33]. The clay was separated by centrifugation (3500 rpm, 30 min), rinsed with
H2O, air-dried and calcinated at 450 ◦C for 4.5 h. Next, 100 mg of the Ni/Fe-clay were
placed in an alumina boat, inserted in a tubular furnace (inner diameter of 2.2 cm and
length of 90 cm), heated up to 700 ◦C under an argon (Ar) atmosphere and reacted with
acetylene for 30 min, using a feed flow of argon/acetylene mixture (10 and 90 cm3 min−1,
respectively). Lastly, the resulted hybrid was oxidized by dispersion in a solution of 60 mL
H2SO4 and 20 mL HNO3 (3:1 (v/v)) followed by sonication for 3 h. The final hybrid residue
was dispersed in H2O, centrifuged (3500 rpm, 30 min), washed with H2O and air-dried.

For the synthesis of Clay-GO, 100 mg of sodium montmorillonite (SWy-2) and 100 mg
of GO, produced by a modified Staudenmaier’s method from graphite powder [34,35], were
separately dispersed in 500 mL of H2O and stirred overnight. Next, the two dispersions
were mixed and let under vigorous stirring for additional 18 h. The final hybrid was
centrifuged (3500 rpm, 30 min) and air-dried [36].

The structure of the synthesized nanomaterials is depicted in Scheme 1.
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2.3. Non-Covalent Immobilization of TvL

3 mg of the hybrid nanomaterials were dispersed in 5 mL of acetate buffer (0.1 M,
pH 4.58) and left in an ultrasonic bath for 30 min. In the next step, 1 mL of TvL solution
(containing 3 mg TvL) was added in the nanomaterial dispersion and the mixture was
incubated for 1 h under stirring (300 rpm), at 30 ◦C. The hybrid nanomaterial-TvL biocon-
jugates were separated by centrifugation at 6000 rpm for 10 min and washed thrice with
1 mL buffer solution to remove any loosely bound protein. The biocatalysts were dried
over silica gel and stored at 4 ◦C until used.

2.4. Covalent Immobilization of TvL Using Glutaraldehyde as Cross-Linker

3 mg of hybrid nanomaterials with free amine groups (such as Clay-ADA) were dis-
persed in 9.13 mL of acetate buffer (0.1 M, pH 4.58) and left in an ultrasonic bath for 30 min,
in the presence of 110 µL Tween-20. As a next step, 1.76 mL of a glutaraldehyde solution
25% was added and the mixture was incubated for 1 h under stirring (300 rpm) at 30 ◦C.
The modified hybrid nanomaterials were separated from the mixture by centrifugation at
6000 rpm for 10 min and washed thrice with 2 mL buffer solution to remove the excess of
glutaraldehyde. The activated hybrid nanomaterials were re-dispersed in 5 mL of acetate
buffer. Then, 1 mL of protein solution in acetate buffer (containing 3 mg TvL) was added,
and the steps described for non-covalent procedure were followed.

2.5. Covalent Immobilization of TvL via Diimide-Activated Amidation

3 mg of hybrid nanomaterials with free carboxyl groups (such as Clay-CNTs and Clay-
GO) were dispersed in 5 mL distilled water and left in an ultrasonic bath for 30 min. In the
following step, 1.2 mL of a 10 mg mL−1 EDC aqueous solution and 2.3 mL of a 50 mg mL−1

NHS aqueous solution were added to the above suspension, and the mixture was incubated
for 30 min under stirring (300 rpm) at 30 ◦C. The activated hybrid nanomaterials were
separated from the mixture by centrifugation at 6000 rpm for 10 min and washed thrice with
2 mL distilled water to remove the excess of EDC/NHS. The activated hybrid nanomaterials
were re-dispersed in 5 mL of HEPES buffer solution (0.1 M, pH 4.58). Then, 1 mL of protein
solution in HEPES buffer (containing 3 mg TvL) was added, and the steps described for
non-covalent procedure were followed.

2.6. Immobilization Efficiency

The amount of immobilized enzyme was calculated by measuring the protein concen-
tration existing in the supernatant after the immobilization procedure, using the Bradford
assay [37]. Enzyme loading was determined as the difference between the concentration
of the protein in the supernatant after immobilization and the initial concentration of
the protein.

2.7. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was used to examine alterations in the
conformation of immobilized TvL on hybrid nanomaterials. The spectra were recorded in
the range of 400–4000 cm−1, using a FTIR-8400 infrared spectrometer (Shimadzu, Tokyo,
Japan) equipped with a deuterated triglycine sulfate (DTGS) detector. For each sample, a
total of 64 scans were averaged, using a 4 cm−1 resolution. The samples were prepared as
KBr pellets containing a circa 1 wt% sample. The similarity of FTIR spectra in the Amide I
region (1600–1700 cm−1) was evaluated by estimation of the correlation coefficient, r, using
the following equation:

r =
Σxiyi√

Σxi2Σyi2
(1)

where x and y describe the spectral absorbance values of the reference (free enzyme) and
sample (immobilized enzyme) spectra, respectively, at the ith frequency position [38,39].
For identical spectra, the r value is equal to 1.0, while spectra differences are depicted as
decreased r values.
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2.8. Determination of Apparent Kinetic Constants

Laccase activity was determined by ABTS oxidation at room temperature [40]. For
the determination of the apparent kinetic constants Vmax and Km of free and immobilized
laccase, proper volumes of TvL and buffer solution (0.1 M, pH 4.58) were mixed and then
ABTS was added to a final concentration range of 0.01–2.0 mM. The oxidation of ABTS
was detected at 415 nm (εABTS+ = 36,000 M−1 cm−1) using a UV-visible spectrophotometer
(Shimadzu, Tokyo, Japan). The apparent kinetic parameters were calculated using non-
linear regression analysis (EnzFitter, Biosoft, UK). All experiments were carried out in
triplicate. One unit was defined as the amount of the enzyme that oxidizes 1 µmol of ABTS
per min.

2.9. Stability of TvL

Free or immobilized TvL was incubated in acetate buffer (0.1 M, pH 4.58) for up to 24 h
at 60 ◦C. Samples were taken at specific time periods to determine the remaining activity of
the enzyme, through the ABTS oxidation, as described above.

2.10. Dye Decolorization by TvL

The decolorization of the dyes was carried out in a mixture of 1.5 mL, consisting of
37.5–150 µM dye, 0.1 M acetate buffer (pH 4.58), 1 mM HBT and 0.1 mg of immobilized
enzyme. The reaction mixtures were incubated in a rotary shaker (120 rpm) at 30 ◦C, for up
to 48 h. Samples (0.2 mL) were taken from each reaction mixture in specific time intervals,
transferred to a 98-well microplate, and the decrease in the maximum absorbance of the
dyes was recorded (450 nm for bromothymol blue, methyl orange and phenol red; 545 nm
for bromophenol blue and Coomassie brilliant blue). Dye decolorization was calculated by
the formula:

Decolorization (%) = [(Ai − At)/Ai] ×100, (2)

where Ai: initial absorbance of the dye at t = 0, At: absorbance of the dye at each time
interval. Each decolorization experiment was performed in triplicate and the mean of
decolorization (%) was reported.

2.11. Reusability of Immobilized TvL

The reusability of the immobilized TvL on hybrid nanomaterials was investigated
for the decolorization of methyl orange, performed in a handmade enzyme-immobilized
microreactor consisting of a glass tube with an inner diameter of 0.9 mm and a length of
40 mm, and packed with 1.1 mg immobilized TvL. In each catalytic cycle, the mixture
(containing 75 µM dye and 1 mM HBT) was pumped through the continuous microreactor
at 30 ◦C, with 2 mL h−1 pumping flow rate. The decolorization efficiency was defined
as described previously, by measuring the absorbance before and after the entrance in
the microreactor.

3. Results and Discussion
3.1. Immobilization of TvL on Hybrid Nanomaterials

In the present work, TvL was immobilized on hybrid super-structured nanomaterials
to develop robust nanobiocatalysts. Immobilization of TvL was carried out via covalent
binding and physical adsorption, and the immobilization yields are presented in Table 1.
It is worthy to mention that the chosen immobilization conditions were the result of a
preliminary optimization study. As seen from Table 1, TvL was successfully immobilized
on all hybrid nanomaterials, regardless the immobilization procedure that was followed. In
some cases, the immobilization yield was higher compared to previously reported works
for immobilized laccase on different nanosupports [41,42]. The high immobilization yields
could be attributed to the improved properties these hybrid nanomaterials exhibit, such as
high surface area and mechanical stability. Comparing the two immobilization methods,
laccase was more efficiently immobilized through physical adsorption rather that covalent
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binding. This may be a result of the limited number of free functional groups existing on
the surface of the nanomaterials and are available for covalent bonding, restricting the
specific enzyme attachment [43].

Table 1. Immobilization yield (%) of TvL on hybrid nanomaterials.

Nanomaterial
Immobilization Yield (%) 1

Non-Covalent Covalent

Clay-ADA 80 ± 1.8 73 ± 2.1
Clay-CNTs 71 ± 0.8 69 ± 1.1
Clay-GO 85 ± 1.1 72 ± 0.8

1 Calculated as the ratio of protein immobilized on nanomaterials to the initial protein amount.

Regarding non-covalent immobilization, TvL is adsorbed on the hybrid nanostruc-
tures through the development of different kind of interactions, mainly by electrostatic,
hydrophobic, π-π interactions, or by a combination of them. For instance, in the case of
Clay-ADA, electrostatic interactions developed between the positively charged nanomate-
rial (due to the presence of the amine group in ADA) and the negatively charged enzyme
(pI 2.8–4.0), may be the driving forces during the immobilization procedure. On the other
hand, both Clay-CNTs and Clay-GO are negatively charged, due to the presence of car-
boxylic groups on the carbon-based component, thus the adsorption is driven mainly by
hydrophobic and π-π interactions with the basal planes of the nanomaterials. The highest
immobilization yield was observed when Clay-GO was used as support. This hybrid
nanomaterial combines the properties of both GO and clay, which belong to the category
of 2D layered materials and have a large surface area and a large aspect ratio [25]. The
combination of these two nanomaterials enhances the surface area of the resulted hybrid
composite [25], leading to strong interactions with TvL, and thus promoting the loading
of the enzyme [38,44]. This is in accordance with that observed for the immobilization of
proteins on composite materials containing montmorillonite [45].

3.2. Structural Studies of Immobilized TvL on Hybrid Nanomaterials by FTIR

Into the interest of evaluating the structural changes of TvL upon immobilization on
hybrid nanomaterials, FTIR spectroscopy was applied, as this method does not suffer from
light scattering perturbations, and thus can be used for conformational studies of a protein
immobilized on a solid support. The FTIR spectra are presented in Figure S1, where the
Amide I and Amide II bands, corresponding to stretching vibrations of the polypeptide
backbone of the protein, can be observed at the regions 1630–1640 and 1540–1560 cm−1,
respectively [43]. By manipulating the data from the IR spectra, the correlation coefficient r
was calculated in the Amide I region (1600–1700 cm−1), according to previously published
work [38,39,46], and the results are presented in Table 2. As seen, the r values of immobilized
TvL were close to 1.0, indicating that the enzyme preserved its native secondary structure
after immobilization. A slight decrease of the r coefficient value was observed when
Clay-CNTs were used as immobilization support. This decrease could render from slight
conformational changes during TvL immobilization on the nanosupport. It has been
proposed that during enzyme immobilization on clay minerals, only some side chains
of the enzyme molecule intercalate within the nanosheets, while the biggest part of the
polypeptide chain is localized outside the main structure [26].

Table 2. Correlation coefficient (r) of immobilized TvL on hybrid nanomaterials.

Enzyme
r

Non Covalent Covalent

Clay-ADA 0.996 0.986
Clay-CNTs 0.986 0.983
Clay-GO 0.993 0.990
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3.3. Kinetic Studies of TvL

The apparent kinetic constants Vmax and Km of the immobilized laccase on hybrid
nanomaterials were determined by using ABTS (0.01–2.0 mM) as substrate. The results of
the kinetic analysis indicated that a Michaelis–Menten mechanism occurs in the system. It
can be observed from Table 3 that regardless the immobilization procedure and the nature
of the nanosupports, the apparent Vmax value decreased in the case of immobilized TvL,
leading to a reduction of the catalytic efficiency, with respect to free enzyme. This result
indicated limited conformational changes in the enzyme molecule after immobilization [47]
or limited approachability of the substrate to the active site of TvL [42]. Similar decrease of
the Vmax value has been reported for immobilized TvL on amine-functionalized Fe3O4@C
nanoparticles [48]. The highest apparent Vmax value was observed when Clay-GO was
used as immobilization carrier, a finding in agreement with the structural preservation of
TvL after immobilization on this nanomaterial, indicating that the nature of the carbon
component of the hybrid nanomaterials plays an important role; the presence of GO and
CNTs on the clay structure enhances the activity of the enzyme, while the lowest catalytic
ability was observed in the case of ADA.

Table 3. Determination of the apparent kinetic parameters of free and immobilized TvL.

Enzyme Vmax (µM/min*µg Immobilized Enzyme) Km (mM)

Free TvL 9.31 ± 0.06 0.13 ± 0.01
Non-covalent

Clay-ADA 0.20 ± 0.04 0.15 ± 0.02
Clay-CNTs 0.32 ± 0.10 0.12 ± 0.02
Clay-GO 0.37 ± 0.03 0.10 ± 0.01
Covalent

Clay-ADA 0.23 ± 0.04 0.06 ± 0.01
Clay-CNTs 1.62 ± 0.08 0.15 ± 0.01
Clay-GO 2.39 ± 0.20 0.09 ± 0.03

Km value is a useful tool in probing the ability of an enzyme to bind to its substrate.
The apparent Km value of free TvL was calculated at 0.13 mM, while the apparent Km values
of immobilized TvL depended on the nature of the nanosupport and ranged from 0.06 to
0.15 mM. In most cases, a decrease in apparent Km values was observed for immobilized
laccase. In the cases of non-covalently and covalently immobilized TvL on Clay-ADA and
Clay-CNTs, respectively, the apparent Km values were higher than that of the free enzyme, a
result that indicated a lower enzyme-substrate complex formation, probably due to changes
in enzyme’s structure during the immobilization procedure, loss of enzyme flexibility that
is crucial for appropriate substrate binding, or steric hindrance and diffusion limitations
due to smectite particles, as evidenced in previous works for immobilized enzymes on
clay/chitosan hybrid nanomaterials [27,49,50].

3.4. Stability of TvL

The stability of free and immobilized TvL on the hybrid nanomaterials was inves-
tigated after incubation at 60 ◦C in acetate buffer (0.1 M, pH 4.58). As seen in Figure 1,
free TvL lost ~90% of its initial activity after 1 h incubation at 60 ◦C, while after 24 h the
enzyme was totally deactivated. On the other hand, the immobilization of TvL on hybrid
nanomaterials resulted in enzyme stabilization, regardless the immobilization procedure
that was followed. For instance, non-covalently immobilized TvL on Clay-CNTs preserved
50% of its initial activity after 24 h incubation. The results indicated that these hybrid
nanomaterials offer a protective environment for TvL, resulting in higher stability against
denaturing conditions, such as high temperature. The immobilization procedure enhances
the inflexibility of the enzyme by stabilizing its 3D structure, and making it less exposed to
harsh conditions [51]. The reduced molecular mobility of the enzyme and a possible im-
proved conformational stabilization, due to the formation of stable covalent bonds between
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the hybrid nanomaterials and TvL, results in enhanced stabilization of the enzyme against
thermal denaturation [52]. The effect of other carbon-based nanomaterials as supports for
enzyme stabilization has been already reported by our team [52,53] and is in accordance
with the results presented in this work. The stabilizing effect depended on the kind of
nanomaterial. For instance, non-covalently immobilized TvL on Clay-CNTs and Clay-GO,
and covalently immobilized TvL on Clay-ADA exhibited higher thermal stability even after
24 h incubation (50, 40 and 32%, respectively) compared to the other biocatalysts, while
their catalytic activity was found to be reduced (Table 3), indicating that the immobilization
of TvL on these nanomaterials results in less active but more stable biocatalysts.
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3.5. Use of Immobilized TvL for Decolorization of Dyes

The dye-decolorizing potential of immobilized TvL on hybrid nanomaterials was
demonstrated for five different synthetic dyes: bromophenol blue, bromothymol blue,
Coomassie brilliant blue, methyl orange and phenol red. These phenolic compounds
belong to different dye families, based on their chemical structures, namely sulphur, triph-
enylmethane and azo dyes, which are found in most textile effluents [54]. The results are
presented in Table 4 and Figure S2. The presence of HBT was necessary to decolorize the
synthetic dyes, since no decolorization was detected in its absence, a result which has
been previously reported for laccase immobilized on CNTs [55]. HBT acted as mediator,
extending the oxidation of non-specific substrates by TvL. In most cases, immobilized TvL
was able to efficiently catalyze the decolorization of the dyes. The decolorization could
be attributed to the combined effects of enzymatic degradation by immobilized TvL and
the sorption capacity of the hybrid nanosupports [56]. The clay components of the hybrid
nanomaterials are known to act as adsorbents for organic compounds and pollutants, such
as phenolic compounds and synthetic dyes [25]. It seems that the sorption capacity of
these clay-based nanomaterials may attract dye molecules to their surface and/or pores,
and thereby transfer them in close vicinity to the active center of TvL, enhancing the
enzymatic decolorization.

The decolorization efficiency of the immobilized TvL depended on both the immobi-
lization carrier and the immobilization procedure. The decolorization yields of covalently
immobilized TvL on hybrid nanomaterials were significantly higher compared to non-
covalently immobilized TvL, which is associated with the increased catalytic activity of
covalently immobilized enzyme described in Table 3. Immobilized TvL on Clay-CNTs was
found to exhibit the highest decolorization yields against most of the dyes. This result
is in accordance with the high catalytic activity observed for immobilized TvL on this
nanomaterial. Immobilized TvL on Clay-GO was also found to exhibit high decolorization
yields, while immobilized TvL on Clay-ADA presented the lowest decolorization capacity,
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indicating that the nature of the carbon component of the hybrid nanomaterials plays a
critical role for the effectiveness of the resulting nanobiocatalyst. This observation may
arise from the different porous size of the hybrid nanomaterials [25]. ADA is a small
molecule, compared to CNTs and GO, so when it is intercalated in the clay sheets, the inner
space is smaller compared to that achieved when CNTs and GO are intercalated in the
clay structure, and thus resulting in a lower adsorbing capacity of the nanomaterial, as
previously discussed. In most cases, the nanobiocatalysts that were used in the present
work exhibited higher decolorization capacity than that reported for the decolorization of
textile dyes by immobilized laccase on calcium alginate beads [57] or for the decolorization
of bromophenol blue by immobilized laccase on copper alginate bead [58], indicating that
these hybrid super-structures can be effectively used as supports for the development of
robust nanobiocatalysts with high potential in dye removal applications.

Table 4. Decolorization of different dyes by immobilized TvL on hybrid nanomaterials.

Enzyme
Decolorization (%) 1

Bromophenol
Blue (48 h)

Bromothymol
Blue (48 h)

Coomassie Brilliant
Blue (48 h)

Methyl Orange
(48 h)

Phenol Red
(48 h)

Non-covalent
Clay-ADA 5 ± 0.7 43 ± 0.2 40 ± 8.0 18 ± 1.4 11 ± 5.0
Clay-CNTs 19 ± 4.8 66 ± 2.0 45 ± 6.0 38 ± 2.4 50 ± 7.1
Clay-GO 10 ± 1.1 65 ± 0.9 33 ± 1.6 23 ± 1.0 15 ± 4.1
Covalent

Clay-ADA 24 ± 1.0 71 ± 1.4 61 ± 3.8 60 ± 1.9 25 ± 6.7
Clay-CNTs 85 ± 3.7 74 ± 2.4 91 ± 1.9 87 ± 1.2 67 ± 7.8
Clay-GO 70 ± 9.0 75 ± 1.3 91 ± 4.1 89 ± 2.0 80 ± 1.4

1 The reaction was conducted in acetate buffer (0.1 M, pH 4.58), at 30 ◦C.

The highest decolorization yield for both non-covalently and covalently immobilized
TvL was observed when bromothymol blue was used as substrate. Figure 2 shows the
full decolorization profile of bromothymol blue against time. It can be observed that
immobilized TvL was able to catalyze up to 70% decolorization of bromothymol blue even
after 4 h. This decolorization capacity is similar to that observed for immobilized laccase
in alginate-gelatin mixed gel [59] and higher than that reported for crude laccase from
Aspergillus niger [60].
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As dyes are found in various concentrations in the environment, immobilized TvL was
further used to investigate its capability of decolorizing different dye concentrations. For
this reason, covalently immobilized TvL on Clay-CNTs and Clay-GO were selected for the
next experiments, as these nanobiocatlaysts exhibited the highest decolorization yields. The
results are presented in Figure S3. As it can be seen, the initial dye concentration affected
the catalytic activity of the immobilized enzymes. More specifically, both nanobiocatalysts
exhibited low decolorization capability when the initial concentration of the dyes was
37.5 µM. When the concentration of the dye raised at 75 µM, immobilized TvL reached
decolorization yields up to 91%, depending on the substrate. Further increase of dye
concentration in the reaction mixture resulted in decrease of the decolorization yield.
This reduction in the efficiency of the biocatalysts probably renders from the structural
complicity of these dyes, preventing complete removal from the reaction mixtures of
high dye concentrations. This result is in accordance to that previously reported for
laccase immobilized on TiO2-ZrO2 and TiO2-ZrO2-SiO2 nanomaterials and its use for
dye degradation [61].

3.6. Reusability of Immobilized TvL

An important advantage of the use of immobilized enzymes in industrial biocatalytic
processes is their ability to be recovered and reused, and thus decreasing the cost of
production. Hence, the decolorization of methyl orange by covalently immobilized TvL on
Clay-CNTs and Clay-GO was studied as a model biocatalytic process through successive
cycles. The reusability experiments took place in an enzyme-immobilized microreactor at a
2 mL h−1 pumping flow rate. Enzyme-immobilized microreactors are being explored and
applied in chemistry and biotechnology fields, as they offer a variety of advantages, such
as rapid heat exchange and mass transfer, large surface and interface area, and formation
of laminar flow of the streams, which allow strict control of the reaction conditions [62,63].

The results of the reusability of covalently immobilized TvL on Clay-CNTs and Clay-
GO are presented in Figure 3. The synthesized nanobiocatalysts kept a significant part
of their decolorization capacity even after 11 repeated cycles (48 h of total operation
time at 30 ◦C). Immobilized TvL on Clay-CNTs and Clay-GO was able to catalyze the
decolorization of methyl orange, with decolorization yields of 56.5 and 47.6%, respectively,
after 6 catalytic cycles. The decolorization capacity was reduced in the next catalytic cycles,
but still occurred at a percentage of 38.1 and 32.9%, respectively, at the last catalytic cycle
of usage. The results indicated that the immobilization of TvL on hybrid nanomaterials
resulted in the formation of robust biocatalysts that were capable of repeatable use for the
decolorization of synthetic dyes.
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4. Conclusions

Herein, we demonstrated the synthesis of hybrid super-structures through the com-
bination of carbon-based nanomaterials with smectite clays for the immobilization of
TvL. The synthesized hybrid nanomaterials were found to be excellent supports for both
non-covalent and covalent immobilization of TvL. The immobilization yield, as well as
the catalytic activity of the immobilized enzyme, strongly depended on the nature of the
nanomaterials, with covalently immobilized TvL on Clay-CNTs and Clay-GO to exhibit
the highest apparent Vmax values amongst the nanobiocatalysts. In all cases, immobilized
TvL exhibited higher thermal stability than the free enzyme, while FTIR analysis showed
that the secondary structure of TvL remains unaltered upon immobilization, in most cases.
The novel-synthesized nanobiocatalysts were used for the effective decolorization of a
variety of synthetic dyes, presenting decolorization yields up to 91%, while they were able
to catalyze the decolorization of methyl orange for up to 11 continuous reaction cycles
with high efficiency. The results pronounce the use of these nanobiocatalytic systems in
applications with environmental, biotechnological, and industrial interest.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr10020233/s1, Figure S1: FTIR spectra of (a) free TvL, (b) Clay-ADA nanomaterial and
immobilized TvL on Clay-ADA, (c) Clay-CNTs nanomaterial and TvL immobilized on Clay-CNTs,
(d) Clay-GO nanomaterial and immobilized TvL on Clay-GO, Figure S2: Decolorization of different
dyes (75 µM) by (a) non-covalently and (b) covalently immobilized TvL on hybrid nanomaterials
at 48 h. The reaction was conducted in acetate buffer (0.1 M, pH 4.58), at 30 ◦C, Figure S3: Effect of
concentration of (a) bromophenol blue, (b) bromothymol blue, (c) Coomassie brilliant blue, (d) methyl
orange, (e) phenol red, on the decolorization ability of covalently immobilized TvL on hybrid
nanomaterials. The reaction was conducted in acetate buffer (0.1 M, pH 4.58), at 30 ◦C, for 48 h.
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