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ABSTRACT: A series of redox catalysts based on the immobilization of tyrosinase
on multiwalled carbon nanotubes has been prepared by applying the layer-by-layer
principle. The oxidized nanotubes (ox-MWCNTs) were treated with poly(diallyl
dimethylammonium chloride) (PDDA) and tyrosinase to yield ox-MWCNTs/
PDDA/tyrosinase I. Catalysts II and III have been prepared by increasing the
number of layers of PDDA and enzyme, while IV was obtained by co-immobilization
of tyrosinase with bovine serum albumin (ox-MWCNTs/PDDA/BSA-tyrosinase).
Attempts to covalently bind tyrosinase provided weakly active systems. The coating
of the enzyme based on the simple layer-by-layer principle has afforded catalysts I−
III, with a range of activity from 21 units/mg (multilayer, II) to 66 units/mg
(monolayer, I), the best system being catalyst IV (80 units/mg). The novel catalysts
were fully characterized by scanning electron microscopy and atomic force microscopy, showing increased activity with respect to
that of the native enzyme. These catalysts were used in the selective synthesis of catechols by oxidation of meta- and para-
substituted phenols in an organic solvent (CH2Cl2) as the reaction medium. It is worth noting that immobilized tyrosinase was
able to catalyze the oxidation of very hindered phenol derivatives that are slightly reactive with the native enzyme. The increased
reactivity can be ascribed to a stabilization of the immobilized tyrosinase. The novel catalysts I and IV retained their activity for
five subsequent reactions, showing a higher stability in organic solvent than under traditional buffer conditions.
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■ INTRODUCTION

Biological conversions using enzymes, being highly specific,
commonly require milder reaction conditions than classical
chemical catalysis. The poor stability of enzymes, the easy
inactivation caused by solvent or mechanical stress, and the high
cost of purification are sometimes the main drawbacks of this
methodology. To improve their performance and economic
viability, enzymes are generally immobilized onto a support.
Immobilization can improve the activity and stability, allowing
better handling and usage under unconventional operative
conditions.1 The increase in stability can be achieved via
multipoint or multisubunit immobilization, generation of a
favorable environment, and prevention of intermolecular
phenomena.1 Increased activity is somehow more complex and
unexpected, except in certain cases like multimeric proteins,
allosteric proteins, and enzymes that suffer conformational
changes, or by ensuring prevention of inhibition−inactivation
processes.1 In addition, immobilization leads to an easier
separation of the enzyme from the reaction mixture. Tyrosinase
is a copper enzyme that catalyzes the hydroxylation of
monophenols to o-diphenols and o-quinones using dioxygen
(O2) as the primary oxidant.2 This enzyme has been widely
studied because of its relevance in several applied areas.3,4 In a
recent work, we described the preparation of heterogeneous

catalysts by immobilization of tyrosinase on the epoxy resin
Eupergit C250L.5 These catalysts provided high catalytic
efficiency in the synthesis of catechols and DOPA peptides,
showing greater storage life, pH stability, and reusability when
coated by the layer-by-layer (LbL) procedure. However, some
disadvantages have been highlighted, such as the long duration of
loading procedures (incubation time of 24 h), the low enzyme
loading, and the use of covalent attachment that, although it
improves stability and reduces the extent of leaching, could
severely damage the structural integrity of the protein. In this
study, the choice of carbon nanotubes (CNTs) as a supporting
material for tyrosinase was made to improve the previously
mentioned approach. These fascinating nanomaterials offer a
high surface area for enzyme loading, with the establishment of
hydrophobic or electrostatic interaction for a better assembly
between the enzyme and support, as well as biocompatibility and
mechanical resistance.6 In the past, most of the efforts toward the
development of tyrosinase supported on CNTs have been
focused on the exploitation of their electronic properties and
electrode kinetics,7 with the aim of designing biosensors and
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biofuel cells, particularly useful in the detection of phenols8 or
sulfites.9 On the other hand, their application for synthetic
purposes has been largely understudied. Here we describe the
preparation and characterization of novel catalysts based on the
immobilization of tyrosinase on multiwalled carbon nanotubes
(MWCNTs) by the LbL method, focusing our attention on their
use as efficient biocatalysts for the synthesis of catechols. This
method is based on the consecutive deposition of alternatively
charged polyelectrolytes onto the active species (Figure 1).10

The LbL method is an effective tool for the stabilization of
enzymes because polyelectrolyte films can protect proteins from
high-molecular mass denaturing agents.11a−d

The strategy based upon the formation of a covalent bond by
the diimide-activated amidation and the glutaraldehyde-assisted
co-immobilization of tyrosinase and bovine serum albumin
(BSA) was also exploited, in this work, to anchor tyrosinase on
carbon nanotubes. Glutaraldehyde is one of the most widely used
reagents in the design of biocatalysts, acting as a useful cross-
linker and a versatile tool for enzyme immobilization, by reacting
with amino groups of enzymes.11e This process may further
stabilize multimeric enzymes (like tyrosinase, in this case) by
preventing subunit dissociation. Moreover, it can be reasonably
assumed that BSA will react via glutaraldehyde with the enzyme,
giving a higher stability. Indeed, BSA has been frequently used as
a proteic feeder to obtain cross-linked enzyme aggregates
(CLEAs).11f Catalysts conceived in this way, by combining the
unique role of CNTs in supporting the immobilized enzyme and
the advantages of enzymatic catalysis in phenol oxidation, would
increase the efficiency of the synthetic process with a reduced
economic impact.

■ RESULTS AND DISCUSSION

Preparation of the CNT Support and Optimization of
the Immobilization Procedures. Studies were conducted
with MWCNTs as supports because of their lower costs and
greater commercial availability. MWCNTs show low dispersi-
bility in aqueous solutions, also after prolonged sonication, and
this leads to minimization of the available surface for protein

immobilization. Hence, before the loading steps, the pristine
nanotubes were oxidized under acidic conditions, with the aim of
introducing a negative charge onto their surface. The acidic
treatment allowed the removal of impurities (residual con-
tamination and amorphous carbons) and the introduction of
carboxyl and hydroxyl groups at the ends or sidewall defects of
the structure. After prolonged sonication at room temperature
with a 3:1 mixture of concentrated sulfuric and nitric acids, the as
obtained nanotubes were solubilized in water, and the increase in
their solubility was verified by UV−vis spectroscopy (maximal
absorbance at 500 nm).6,12 A linear relationship between
absorbance and the concentration of oxidized nanotubes (ox-
MWCNTs) was observed: the solutions were stable for more
than 1 week (see Figure S1 of the Supporting Information).12

The ox-MWCNTs were successively treated with a positively
charged polyelectrolyte by the LbL technique to facilitate the
loading of tyrosinase, negatively charged at the operative pH
(7.0; isoelectric point of 4.7−5.0).13 Commercially available
poly(diallyl dimethylammonium chloride) (PDDA) was used as
polycation, and the coating was applied.14,15 Briefly, ox-
MWCNTs were treated with PDDA in 0.5 M NaCl, and the
suspension was subjected to orbital shaking to yield ox-
MWCNTs/PDDA. The 0.5 M NaCl solution was used to
optimize the ionic strength of the mixture, helping the dispersion
of nanotubes to facilitate the deposition of the polyelectrolyte.
Before the deposition of the next layer, the excess PDDA was
removed by centrifugation−redispersion cycles. The absence of
residual PDDA in the solution is critical to the adsorption of the
following layer because a precipitate would form upon mixing
with the enzyme. Zioł́kowska et al. recently reported a simple
method for the determination of the PDDA concentration in
solution based on the Bradford procedure.16 To ensure the
complete removal of the polyelectrolyte, UV−vis spectra of each
supernatant with Coomassie Brilliant Blue (CBB) were recorded
until no evidence of the CBB−PDDA complex was detected.
This method, being quantitative, also permits the determination
of the amount of PDDA in the solution and, hence, the efficiency
of PDDA deposition. Monitoring the absorbance at 595 nm, we

Figure 1. Multishell LbL strategy.

Scheme 1. Synthesis of Catalyst I As Depicted in a Schematic Representation of the Adsorption of Tyrosinase (Tyr) on Ox-
MWCNTs/PDDAa

aTyrosinase (negatively charged) is attracted by PDDA (positively charged).
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found the amount of PDDA adsorbed per milligram of
nanotubes was 0.573 mg. In the preparation of catalyst I (ox-
MWCNTs/PDDA/tyrosinase), the optimal weight ratio be-
tween the enzyme and the support was investigated. The ox-
MWCNTs/PDDA (1.0 mg) system was treated with different
amounts of tyrosinase (0.02−2.00 mg) in sodium phosphate
buffer (PBS, 0.1 M, pH 7.0), and the effectiveness of the
immobilization was evaluated by analyzing the residual activity in
the waste waters (Scheme 1).
Tyrosinase (Tyr) activity was determined by the dopachrome

assay17 following the oxidation of L-tyrosine at 475 nm; the
enzyme unit is defined in terms of the increase in absorbance of
10−3 unit/min at 25 °C in 0.1 M phosphate buffer (pH 7.0). The
activity of immobilized tyrosinase was expressed as the activity
unit per milligram of support (eq 1), where Ux is the activity
(units) of the immobilized enzyme assayed by the dopachrome
method.

= U Wactivity (units/mg) /x support (1)

Immobilization and activity yields were evaluated as reported
in eqs 2 and 3, respectively.

= − ×U U Uactivity yield (%) [ /( )] 100x a r (2)

= − ×U U Uimmobilization yield (%) [( )/ ] 100a r a (3)

where Ua is the total activity (units) of the enzyme added to the
solution and Ur is the residual activity (units) evaluated by the
dopachrome method in the washing solutions. As reported in
Table 1, the immobilization yield increased with an increase in

the support:enzyme ratio while the activity reached a maximum
at a ratio of 5 (Table 1, entry 3). Thus, it appears that there is a
critical concentration value beyond which any further immobi-
lization of the enzyme decreases its activity instead of continuing

to increase it. The low activity at high enzyme concentrations
(Table 1, entry 1) can reasonably be attributed to close packing
effects. On the other hand, the possibility that a high enzyme
concentration may affect the structure of the polymeric bed,
producing a negative effect on the activity, cannot be completely
ruled out. The activity yield exhibited a similar behavior.18 Note
that the unsupported enzymemay be successfully immobilized in
following batches.
Next, experiments were performed using a support:enzyme

ratio of 5:1. These optimized conditions would ensure maximal
efficiency of the catalyst with minimal enzyme waste.
Subsequently, we applied the LbL technique to increase the
number of layers of PDDA and enzyme. In particular, catalysts II
(Figure 2A) and III (Figure 2B) were prepared by addition of
PDDA and PDDA/Tyr layers, respectively.
These catalysts showed lower activity (21 and 43 units/mg,

respectively) than catalyst I. Thus, the efficiency of the catalysts is
not influenced by the number of layers. A different pattern was
observed when the Tyr/PDDA multilayer system was pro-
gressively assembled on a quartz slide.3g The lower activity
observed for catalysts II and III compared to that of I requires a
brief comment. In the case of II, the addition of the outer layer of
PDDA can affect the diffusion of the substrate, inhibiting the
interaction with the enzyme. On the other hand, in catalyst III,
the outer layer is similar to I. In this latter case, it is possible to
suggest that the second layer of tyrosinase is partially dissolved in
PDDA, even if the possibility of an active role of nanotubes
(which are redox active and nowmore distant from the surface of
the catalyst) cannot be completely ruled out. The chemical
immobilization of tyrosinase on ox-MWCNTs was also
performed. The use of a covalent bond to anchor enzymes to
carbon nanotubes is well-documented, and we tried to follow this
method to increase the stability of the system. The
immobilization was achieved using a two-step process through
the diimide-activated amidation and employing the optimal
support:enzyme ratio. Briefly, ox-MWCNTs were activated by
N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochlor-
ide (EDC) in the presence of N-hydroxysuccinimide (NHS),
followed by enzyme coupling.9,19 Despite the high value of
protein immobilization (immobilization yield of 52%), a low
activity (9.0 units/mg) was obtained: probably, in this case,
chemical immobilization had a negative effect on enzyme
conformation. With the aim of further improving the efficiency
of catalyst I, we also investigated the glutaraldehyde-assisted co-
immobilization of tyrosinase and BSA.20 The immobilization
efficiency is dependent upon the number of enzyme molecules
loaded onto a given surface area. In such situations, given the
large surface area of nanotubes, the enzyme strives for the
greatest surface coverage, leading to conformational changes that

Table 1. Activity Parameters for Catalyst Ia

entry
support/Tyr
(mg/mg)

immobilization
yield (%)

activity yield
(%)

activity
(units/mg)b

1 0.5 16 <1 11
2 1 17 11 59
3 5 46 27−34 66
4 10 47 19−24 44
5 15 70 13 23
6 25 73 13 10
7 50 74 6 3

aAll experiments were conducted in triplicate. Average errors were
∼0.1% for immobilization yield and 0.1−0.2% for activity yield and
activity. bThe activity of native tyrosinase, evaluated by the
dopachrome method, was 2568 units/mg of enzyme (see ref 25).

Figure 2. Representations of catalysts II (A) and III (B).
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could influence its activity. This effect can be avoided by the
addition of an inert protein that reduces the amount of surface
area available to the enzyme. BSA, with an isoelectric point close
to that of tyrosinase, was the protein selected for this purpose.21

Glutaraldehyde (GA) was used as the cross-linking agent for the
formation of a three-dimensional network “to confine” the
enzyme as shown for the catalyst ox-MWCNTs/PDDA/BSA-
tyrosinase IV (Scheme 2).
Briefly, Tyr and BSA were immobilized on PDDA-coated

MWCNTs in the presence of GA following the general
procedure reported by Kim et al. for the preparation of Tyr-
based sensitive electrochemical immunosensors.22a In particular,
different amounts of BSA were studied, maintaining the
MWCNTs:Tyr ratio of 5:1 (milligrams) already selected for
catalyst I, and the optimal value of GA concentration [0.5−1.0%
(v/v)] previously described in the literature.3h The immobiliza-
tion yield increased when the BSA:Tyr ratio increased to 3:1 and
then decreased, suggesting this last value was the optimal one
(Table 2, entries 1−4). The activity parameters showed a similar
behavior. The 3:1 BSA:Tyr ratio had been previously reported as
the optimal value in the preparation of biosensors based on the

immobilization of Tyr on MWCNTs in a glassy carbon
electrode.22b

The activity and immobilization parameters varied slightly
close to the optimal value (see, for example, entries 2 and 4 vs
entry 3) in accordance with data previously reported for similar
systems.20 The treatment with GA before the removal of the
unbounded proteins allowed the increase in enzyme loading by
cross-linking additional tyrosinase and BSA without affecting the
activity. Catalyst IV was more active than previous systems (80
units/mg), showing a 67% immobilization yield. Among the
novel catalysts, I and IV (the most active) were selected for
successive characterizations and applications.

Scanning ElectronMicroscopy (SEM) andAtomic Force
Microscopy (AFM). The topography and morphology of
catalysts I and IV were examined by SEM and AFM to
demonstrate the effective polyelectrolyte deposition and enzyme
immobilization. The analyses were performed on well-dispersed
and separated MWCNTs supported on a silicon substrate (Si).
Figure 3 shows the SEM images and the corresponding AFM
images23 of the selected areas of the different samples. MWCNTs
well dispersed and separated on Si are shown in Figure 3a. The
corresponding AFM image (Figure 3b) shows the detail of a
single nanotube immobilized on Si; the white areas, which are
higher than the substrate, are drag from the AFM tip during the
scanning. The SEM image of ox-MWCNT/PDDA (Figure 3c)
showed a cluster of functionalized nanotubes. Only at the cluster
edge is it possible to find individual functionalized nanotubes.
The AFM morphological study (Figure 3d) allowed the
evaluation of the cluster height that is ∼1 μm.
The SEM analysis (Figure 3e) of catalyst I showed that the

nanotubes with the immobilized enzyme were more dispersed,
broken, and shorter than the original MWCNTs. The AFM
analysis (Figure 3f) showed the remarkable roughness of the
external structure that completely covers the nanotube.
For catalyst IV, we obtained a good dispersion of nanotubes

onto Si, but after sonication, they appeared to be broken (Figure
3g). The AFM image (Figure 3h) shows small clusters of

Scheme 2. Synthesis of Catalyst IV As Depicted by a Schematic Representation of the BSA-Assisted Co-immobilization of
Tyrosinase (Tyr) on ox-MWCNTs

Table 2. Activity Parameters for Catalyst IVa

entry BSA:Tyrb
immobilization yield

(%)
activity yield

(%)
activity

(units/mg)

1 1:1 56 38 68
2 2:1 60 40 71
3 3:1 67 47 80
4 4:1 63 42 73

aSupport:Tyr ratio of 5:1 (milligrams). bFinal concentration of GA of
0.5−1.0% (v/v). Note that changes in both activity and immobilization
parameters in the range of used GA concentrations [0.5−1.0% (v/v)]
were not observed. In accordance with ref 22a, treatment with GA
after the removal of the unbound Tyr inhibited the performance of
catalyst IV (49% of immobilization yield, 36% of activity yield).
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nanotubes, and individual functionalized nanotubes are clearly
visible.
Figure 4 reports the high-resolution AFM images of individual

MWCNTs and the related image profiles for selected directions
(line in Figure 4a). The nanotube surface appears to be smooth,
and the maximal height (h) and width at half-height (d),

evaluated by a profile analysis (Figure 4c), were 39.0± 0.5 and 53
± 2 nm, respectively. The width of the nanotube has been
estimated at half-height and not at the bottom to reduce the size
of errors resulting from effects of tip convolution.
High-resolution AFM images of ox-MWCNT/PDDA at the

same scale (300 nm × 300 nm) of the previous sample are

Figure 3. SEM and AFM images of MWCNTs (a and b), ox-MWCNTs/PDDA (c and d), catalyst I (e and f), and catalyst IV (g and h) deposited on
silicon substrates.
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reported in Figure 5. Although the surface is smooth, h and d
were 60.5 ± 0.5 and 90 ± 2 nm, respectively (Figure 5c). The

dimensions of the system are doubled, confirming that an
external shell covers the nanotube.

Figure 4.High-resolution AFM images for MWCNTs: (a) bidimensional and (b) tridimensional analyses. The line in panel a indicates the section that
was further analyzed for the image profile (c).

Figure 5. High-resolution AFM images for ox-MWCNT/PDDA: (a) bidimensional and (b) tridimensional analyses. The line in panel a indicates the
section that was further analyzed for the image profile (c).

Figure 6.High-resolution AFM images for catalyst I: (a) bidimensional and (b) tridimensional analyses. Lines I−III in panel a indicate the sections that
were further analyzed for the image profiles (c).
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The AFM analysis of catalyst I (Figure 6) showed the
remarkable roughness and the presence of external “lumps” that
can be attributed to tyrosinase, which completely covers the
nanotube. To estimate the size of both the nanotube and the
lumps, three different image profiles were performed (Figure 6c).
From profile II, the maximal h of the whole structure is 199.0 ±
0.5 nm and the d is 259 ± 2 nm. From profiles I and III, we
obtained the lump d that ranges from 62 ± 2 to 80 ± 2 nm.
The AFM image (Figure 6b) shows small clusters where

individual functionalized nanotubes are clearly visible. Finally,

high-resolution AFM images of catalyst IV (Figure 7) show a
lower roughness and fewer lumps than catalyst I. The smoother
surface can be explained by suggesting that BSA occupies
interstitial sites between tyrosinase molecules. Maximal heights
and widths of 46.0± 0.5 and 101± 2 nm, respectively, for profile
I and 70.0 ± 0.5 and 126 ± 2 nm, respectively, for profile II
(Figure 7c) were obtained.

Reusability Properties and Storage Stability. The
reusability properties of catalysts I and IV were evaluated in
both buffer and organic solvent, performing five consecutive

Figure 7.High-resolution AFM images for catalyst IV: (a) bidimensional and (b) tridimensional analyses. Lines I and II in panel a indicate the sections
that were further analyzed for the image profiles (c).

Figure 8. Activity of catalysts I and IV vs the number of runs, in buffer and in organic solvent.
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oxidations of L-tyrosine in 0.1 M PBS (pH 7.0) (Figure 8, red
line) and p-cresol in CH2Cl2 and buffer (Figure 8, blue line),
respectively. Several advantages can be obtained using enzymes
in organic solvents, such as the enhanced solubility of
hydrophobic substrates, reduced side reactions, enhancement
of catalyst performance, and simple recovery from the reaction
mixture.24 Previously published data from our laboratory showed
that CH2Cl2 plays a benign role in the synthesis of catechols.

25 A
minimal amount of phosphate buffer was also used to disperse
the catalysts, because water is fundamental for the correct folding
of the enzyme and consequently for its proper functionality. The
oxidations were followed at 475 nm (in buffer) or 389 nm (in
CH2Cl2 and buffer), and after the absorbance plateau had been
reached, the immobilized enzyme was recovered by simple
centrifugation, washed, and reused with a fresh substrate. Data
referring to tyrosinase immobilized on Eupergit (Tyro/E-LbL)
are shown in Figure 8 as ref 25. As a general trend, the reusability
of catalysts I and IV was higher in organic solvent than in buffer.
The organic medium strongly improved the stability and
efficiency of the catalysts, and only a minimal loss of activity
was observed during the first five runs, for catalysts I and IV.
Irrespective of experimental conditions, catalyst IV was more
reactive than I. This result may be due to a more rigid enzyme
structure in IV that can resist conformational changes that could
affect activity.26 The T50 values for I and IV in buffer (defined as
the run number at which the catalyst activity is reduced to 50%)
were found to be 3 and 4, respectively [T50 was calculated by
linear regression of the percentage of activity vs run plot (see
Figures S2 and S3 of the Supporting Information)]. In organic
solvent, the T50 values of I and IV were 8 and 12, respectively.
The novel catalysts exhibited better performance with respect to
the Tyro/E-LbL system.25

The reusability experiments showed different behaviors of
catalysts I and IV in the different solvents. In particular, the lower
T50 values for catalysts I and IV in buffer can be justified by
invoking the stronger tendency of the o-quinones (formed in the
oxidation of o-diphenols) to undergo a sequence of non-
enzymatic reactions, in this medium, leading to synthetic melanin
as a final product. These insoluble polymers can precipitate and
be strongly adsorbed on the functionalized nanotubes that
cannot be reused. This phenomenon is particularly evident in
buffer, where the polymerization process is favored.3g

Further, the stability of the new systems, namely, native
tyrosinase and catalysts I and IV, was evaluated by storing the
catalysts in PBS at 4 °C for 20 days. The activity was measured at
specific times at room temperature by the oxidation of p-cresol in
the mixed organic medium (PBS and CH2Cl2) (Figure 9).

While the native enzyme and catalyst IV showed a slight
decrease of activity in the first 7 days, thereby reaching a constant
value of ∼70% of residual activity, catalyst I retained the full
activity for up to 20 days. With respect to the storage stability of
IV, Bakir et al.27 described a loss of activity, for cross-linked
immobilized tyrosinase in the presence of BSA, in the range of
10−20% after 20 days (depending on the purity of the enzyme).
These data are comparable with the results observed, in our case,
for catalyst IV. Thus, the maintenance of the catalytic activity for
successive reactions shown above, along with data on their
storage stability, confirms the excellent general behavior in terms
of the stability of the prepared catalysts I and IV.

Kinetic Analyses. Kinetic parameters for native tyrosinase
and selected catalyst I were evaluated in CH2Cl2 and PBS, using
p-cresol as the substrate. The initial reaction rates were measured
at substrate concentrations ranging from 1.0 to 20 mM at 25 °C.
Because catechol dehydrogenation is reported to follow
Michaelis−Menten kinetics, benzoquinone formation was
measured at 389 nm. Kinetic constants were evaluated by
using different linear regression equations [Lineweaver−Burk,
Eadie−Hofstee, and Hanes (Figures S4−S6, respectively, of the
Supporting Information) and a nonlinear regression plot (Figure
S7 of the Supporting Information). The Hanes plot (Figure S6 of
the Supporting Information) provided excellent correlation
values without the necessity of discarding any point. From a
comparison between the linear regression and nonlinear
regression plot analyses, we can observe how the Hanes (mainly)
and Eadie−Hofstee (to a lesser extent) plots, respectively, gave
the best estimations while the Lineweaver−Burk plot has
afforded under- or overestimated values (compare Figures S4−
S6 of the Supporting Information).
The kinetic parameters (Km, Vmax, and Kcat) for the native

enzyme and catalyst I are listed in Table 3.

As a general trend, the immobilized enzyme (catalyst I)
showed the highest Km, probably because of the enzyme
conformational changes and mass transfer limitations (Table
3). Irrespective of the regression plot used, catalyst I showed a
higher rate and a higher turnover number than the native
enzyme, thus suggesting the stabilizing effect of the nanotubes.28

Experimental values were also fit using nonlinear regression
procedures like GraphPad Prism6: this method permits us to
obtain standard deviations of the kinetic parameters and to
evaluate the reliability of the previously reported regression plots
(Figure S7 of the Supporting Information).

Figure 9. Storage stability of native tyrosinase and catalysts I and IV at 4
°C.

Table 3. Kinetic Parameters for Native Tyrosinase (Tyr) and
Catalyst Ia

Km (mM)

Vmax × 104 (ΔAbs
min−1 μg of
enzyme−1) Kcat (min−1)

plot Tyr catalyst I Tyr catalyst I Tyr catalyst I

Lineweaver−
Burk

3.92 7.68 49.3 56.1 1310 1683

Hanes 2.52 9.91 43 63 1287 1891
Eadie−Hofstee 2.82 8.12 44 58 1330 1732
nonlinear
regression

2.9 10 44 63 1318 1882

aKcat is defined as vmax (Δabsorbance per minute)/[Tyr] (micromoles
per milliliter). All experiments were conducted in triplicate using free
and immobilized tyrosinase. Average errors in kinetic parameters were
2−4% for Km and 1−3% for Vmax.
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Oxidation of Phenols. The synthetic versatility of catalysts I
and IV was evaluated in the oxidation of a panel of selected
phenols (1−5 in Scheme 3) to the corresponding catechol
derivatives. Catechols are characterized by several biological
activities and are well recognized as antioxidant compounds.29

The potential of tyrosinase in the synthesis of catechols has
received a great degree of attention because they are difficult to
obtain under environmentally friendly conditions by means of
traditional chemical procedures.4d,30 The application of
tyrosinase in buffer is partially limited because of the formation
of reactive o-quinones that can covalently bind to the enzyme or
polymerize producing brown pigments. For this reason, the
oxidation of p-cresol 1 was initially performed in the presence of
ascorbic acid (AA) that acts as an internal reducing agent.5 As a
general procedure, phenol, native or immobilized tyrosinase
(240 units), and AA (1.5 equiv) in a buffer (PBS, 0.1 M, pH 7.0)
solution (5.0 mL) were vigorously stirred at room temperature,
under a dioxygen atmosphere (O2), according to a procedure
previously reported by our laboratory.25 Under these conditions,
catalysts I and IV behaved like the native enzyme, showing
excellent substrate conversions but only low yields in the desired
catechol 1a (Table 4, entries 1−3).

The low mass balance value observed for the transformation
was probably caused by the formation of products of further
oxidation and/or of polymeric material not isolated under our
experimental conditions. Better results were obtained in organic
medium. The substrate in CH2Cl2 was treated, at 25 °C, with
native or immobilized tyrosinase (240 units) in the presence of
the appropriate amount of PBS, thus ensuring the minimal
amount of hydration water for the proper functioning of the
enzyme. Under these experimental conditions, catalysts I and IV
were more active than the native enzyme, affording 1a in high
yield and conversion of substrate (Table 4, entries 4−6). Dimers
1b and 1c, characterized by the formation of the C−C bond
between two phenol units, were also detected in very small
amounts (Scheme 3 and Table 4, entries 4−6). The blank test
performed under conditions similar to those described above
showed the absence of any type of reactivity when the support
ox-MWCNT was used, without the enzyme, for the oxidation of
p-cresol 1, thus confirming its neutral role. The effectiveness of I
and IV in CH2Cl2 and buffer was further confirmed with more
hindered para-substituted phenols 2−4. Again, in the oxidation
of 4-ethyl phenol 2, catalysts I and IV were more reactive than
native tyrosinase, catechol 2a being detected in high yields and
conversions of substrate (Table 4, entries 7−9). It is noteworthy

Scheme 3. Oxidation of Phenolsa

a(i) Tyro-based catalysts, O2; (ii) CH2Cl2 and buffer; (iii) phosphate buffer.

Table 4. Oxidation of Phenols 1−5 with Native Tyrosinase and Catalysts I and IV in Buffer or CH2Cl2 with PBS

entrya catalyst solvent substrate product(s) conversion (%) yield (%)d

1b tyrosinase buffer/AAc 1 1a 98 13
2b I buffer/AAc 1 1a 99 6
3b IV buffer/AAc 1 1a 99 6
4 tyrosinase CH2Cl2/buffer 1 1a [1b] {1c} 93 54 [4] {14}
5 I CH2Cl2/buffer 1 1a [1b] {1c} 96 78 [8] {9}
6 IV CH2Cl2/buffer 1 1a [1b] {1c} 98 82 [4] {3}
7 tyrosinase CH2Cl2/buffer 2 2a [2b] 55 42 [13]
8 I CH2Cl2/buffer 2 2a 80 80
9 IV CH2Cl2/buffer 2 2a 85 85
10 tyrosinase CH2Cl2/buffer 3 3a 9 <4
11 I CH2Cl2/buffer 3 3a 22 22
12 IV CH2Cl2/buffer 3 3a 25 24
13 tyrosinase CH2Cl2/buffer 4 4a 8 <5
14 I CH2Cl2/buffer 4 4a 21 21
15 IV CH2Cl2/buffer 4 4a 34 34
16 tyrosinase CH2Cl2/buffer 5 1a [1b] 42 35 [7]
17 I CH2Cl2/buffer 5 1a 35 33
18 IV CH2Cl2/buffer 5 1a 39 39

aReaction conditions: native or immobilized tyrosinase (240 units) in PBS (275 μL), 0.05 mmol of substrate, CH2Cl2 (2.5 mL) at 25 °C. All
experiments were conducted in triplicate. bSolvent of 0.1 M phosphate buffer (pH 7.0). cAA, ascorbic acid. dThe average error in the yield was 0.3%.
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that no dimers were produced with immobilized tyrosinase in
entries 8 and 9. Catalysts I and IV were highly active also in the
oxidation of hindered 4-s-butyl phenol 3 and 4-tert-butyl phenol
4, because these substrates were not converted by native
tyrosinase under the experimental conditions tested. Catechols
3a and 4a were obtained in 22−24 and 21−34% yields,
respectively (Table 4, entries 10−15). Previous studies showed
the possibility of slightly oxidizing 3 and 4 with native tyrosinase
in CH2Cl2 and buffer using only 600−1400 units of the
enzyme.19 As a general trend, the efficiency of catalysts decreased
with an increase in the steric hindrance of the para substituent.
These results are in accordance with previously reported data on
the low reactivity of bulky phenols with tyrosinase in organic
medium, because of the reduced conformational flexibility of the
enzyme in a hydrophobic solvent.31 Catalysts I and IV were also
active in the oxidation of 3-methyl phenol (m-cresol) 5 as a
selected example of a meta-substituted substrate, and 1a was
obtained in 33 and 39% yields, respectively [conversion of
substrate in the range of 35−39% (Table 4, entries 16−18)].
Irrespective of the experimental conditions, IVwas more reactive
than I, confirming the positive role of BSA in the immobilization
of tyrosinase. From a comparative point of view, if we refer to
catechol 1a as themain reaction product, the yields obtained with
catalysts I and IV are comparable and, in some cases, slightly
larger than those previously obtained by us with the reference
catalyst (Tyro/E-LbL),25 in spite of the remarkable fact that in
catalysts I and IV a smaller amount of enzyme has been
immobilized per weight of support.

■ CONCLUSIONS
The activity and efficiency of tyrosinase immobilized on carbon
nanotubes vary significantly depending on the applied
immobilization procedure. The coating of the enzyme based
on the LbL principle has afforded the best catalysts since the
deposition of the first layer of enzyme. The activity of catalyst I
reached a maximum at a support:tyrosinase ratio of 5, and it was
found to decrease in the presence of a high enzyme
concentration, probably because of close packing effects. The
deposition of the second PDDA layer decreased the activity,
although it started to increase again with a further increase in the
number of enzyme layers. In the glutaraldehyde-assisted
immobilization procedure, the presence of BSA as protein
spacer leads to the more active catalyst IV, confirming the
favorable role of the protein to avoid steric effects and
conformational changes in tyrosinase. In accordance with the
literature, the chemical linkage was the less efficient procedure.
The new catalysts were more active than previously described
heterogeneous systems based on the immobilization of
tyrosinase on epoxy resin Eupergit or on His entrapment in a
matrix of chitosan.3h From a kinetic point of view, the
immobilized enzyme showed higher rates and turnover numbers
than native tyrosinase. With regard to concerns about stability,
catalysts I and IV retained their activity for more subsequent
reactions, showing a higher stability in organic solvent than in
buffer. The catalytic performance in the oxidation of phenols to
catechols deserves special attention. In fact, catalysts I and IV
were more efficient than the native enzyme in affording catechols
1a−4a in high yield and conversion of substrate. The oxidation in
organic medium was the only synthetically useful procedure,
because in buffer the products of overoxidation were obtained
even in the presence of ascorbic acid as an internal reducing
agent. This was particularly evident with bulky substituents, such
as 4-s-butyl phenol 3 and 4-tert-butyl phenol 4, only oxidized by

the immobilized tyrosinase. The greater efficiency of the two
biocatalysts probably depends on several factors, including the
stabilization of the enzyme by nanotubes and the poor formation
of polyphenols as side products that can precipitate on the
nanotube inhibiting the tyrosinase activity.3g Furthermore, a
possible synergic effect of the support in the oxidation cannot be
completely ruled out. Recently, Zhong and co-workers showed
that oxidized carbon nanotubes are redox active species that can
cooperate during the oxidation.28 They could be themselves the
primary oxidant and also could accelerate the reaction of O2 by
energetically favorable absorption processes on the surface (ΔH
= −16.3 kcal/mol).32 These effects were directly related to an
increase in peroxidase activity using nanotubes as mediators of
oxidation. The possibility of a similar effect in the case of
tyrosinase can in part justify the improved reactivity of our
catalysts in the oxidation of sterically congested substrates. The
active redox role of nanotubes can also explain the observed
decrease in activity of catalysts II and III with an increase in the
number of layers with respect to I, leading to the hypothesis of a
reduction of the synergic effect with an increase in the distance of
the enzyme from the support. The high activities of catalysts I
and IV open new stimulating entries for novel oxidation
processes of hindered phenols based on tyrosinase.

■ EXPERIMENTAL SECTION
Reagents and Materials. Multiwalled carbon nanotubes

(MWCNTs), mushroom tyrosinase from Agaricus bisporus (T-
3824, multimeric enzyme with H2L2-type structure),33 BSA,
dichloromethane (CH2Cl2), ethyl acetate (EtOAc), hexane
(Hex), sodium dithionite (Na2S2O4), anhydrous sodium sulfate
(Na2SO4), dodecane, pyridine, hexamethyldisilazane (HMDS),
trimethylchlorosilane (TMCS), glutaraldehyde (GA), PDDA, L-
tyrosine, and phenols 1−5 were purchased from Sigma-Aldrich.
All spectrophotometric measurements were taken with a Varian
Cary50 UV−vis spectrophotometer equipped with a Peltier
thermostated single-cell holder. Dichloromethane was dried on
anhydrous sodium sulfate prior to use. All experiments were
conducted in triplicate using native and immobilized tyrosinase
in the dichloromethane/buffer system and in an aqueous
medium. Sodium phosphate buffer (PBS, 0.1 M, pH 7.0) is a
solution containing NaH2PO4 and Na2HPO4 in Milli-Q water;
no NaCl is present. This buffer solution was used at pH 7.0 and
0.1 M unless differently specified.

Preparation of Catalysts I−IV. Multiwalled carbon nano-
tubes (>95% pure, inner diameter of 5−10 nm, outer diameter of
10−30 nm, and length of 0.5−50 μm) were treated with a
concentrated sulfuric acid (98%)/nitric acid (65%) mixture [3:1
(v/v)] in a sonication bath for 4 h. The resulting solution was
diluted with deionized water and extensively washed by
consecutive sonication−centrifugation steps until the pH
became neutral. The oxidized nanotubes (ox-MWCNTs) were
lyophilized and stored at room temperature as a dry powder.

Coating of MWCNTs with a PDDA Solution. PDDA (2.0 mg)
and ox-MWCNTs (1.0 mg) were dispersed in 0.5 M NaCl (2.0
mL) and subjected to sonication for 5 min to give a stable black
suspension. After being shaken at 170 rpm for 20 min, the
mixture was centrifuged (6000 rpm for 20 min), and the
composite was washed with Milli-Q water to remove the residual
polyelectrolyte. The absence of a polyelectrolyte in the solution
was confirmed by the Bradford method.16,34

Preparation of Catalyst I.35 Tyrosinase was adsorbed on the
first polycation layer by incubating the PDDA-coated ox-
MWCNTs (1.0 mg) with different amounts of the enzyme
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(ranging from 2.0 to 0.02 mg) in PBS (0.1 M, pH 7.0) in an
orbital shaker at room temperature (40 min at 150 rpm). After
the mixture had been shaken, the excess enzyme was removed by
centrifugation (6000 rpm × 20 min) and the supernatant was
used for immobilization and activity yield calculations. The
complex was washed several times with PBS to ensure the
complete removal of the unbound enzyme. The absence of
tyrosinase in the washing waters was confirmed by both the
activity assay and the Bradford method.
Preparation of Catalysts II and III. To reduce the possibility

of tyrosinase desorption, a final layer of PDDA (catalyst II) and a
further layer of tyrosinase (catalyst III) were added on I
following the reported general procedure.
Preparation of Catalyst IV.22 Tyrosinase (60 μL, 3.4 mg/

mL) and BSA (300 μL, 2.0 mg/mL) were added to a suspension
of the PDDA-coated MWCNTs (1.0 mg) in PBS (280 μL). After
the mixture had been shaken for 30 min, 2.5% glutaraldehyde
(GA) was added to reach a final volume of 800 μL and the
mixture was shaken again at room temperature for 30 min and
then at 4 °C overnight. Subsequently, the black suspension was
centrifuged (6000 rpm × 20 min) to remove the supernatant
containing the excess enzyme and GA. The supernatant was used
both for immobilization and activity yield calculations. The
catalyst was finally treated with 1.5 mL of 0.1 M Tris-HCl buffer
(pH 7.2) while being shaken for 1 h at 4 °C (to cap unreacted
aldehyde groups) and centrifuged and the supernatant removed.
The conjugate sample was washed several times with PBS to
ensure the complete removal of the unbound enzyme, and the
absence of tyrosinase, in the washing waters, was confirmed by
both the activity assay and the Bradford method.
Chemical Attachment of Tyrosinase. To a suspension of

nanotubes (1 mg/mL) in 2-(N-morpholino)ethanesulfonic acid
(MES) buffer (50 mM, pH 6.2) was added N-hydroxysuccini-
mide (NHS) (1 mL, 400 mM in MES buffer). After sonication
for 30 min, 1 mL of fresh N-ethyl-N′-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC) in MES buffer (20 mM) was
added quickly, and the mixture was stirred at room temperature
for 30min. The activated nanotube solution was then centrifuged
at 6000 rpm for 20 min and washed three times with the buffer to
remove excess EDC and NHS. A solution containing tyrosinase
(0.2 mg in PBS) was added to the activated nanotubes, and the
dispersion was shaken at 200 rpm during the conjugation of the
enzyme. Unbound tyrosinase was removed by consecutive
centrifugation and washing steps.
Determination of the Activity of the Native and

Immobilized Enzyme. The activity of the native and
immobilized enzyme was determined by measuring the
tyrosinase-catalyzed oxidation of L-tyrosine (L-Tyr). The
reaction was started by adding the substrate to the solution
containing the appropriate amounts of native enzyme or catalysts
I−IV in PBS under magnetic stirring. The initial rates were
measured as linear increases in the optical density at 475 nm, due
to dopachrome formation. One unit of enzyme activity was
defined as the increase in absorbance of 0.001 per minute at pH 7
and 25 °C in a 3.0 mL reaction cuvette containing 0.83 mM L-
tyrosine and 67 mM PBS (pH 7.0). Spectrophotometric data
were analyzed with Cary WinUV. All experiments were
conducted in triplicate using free and immobilized tyrosinase.
SEM and AFM Characterization of Catalysts. The surface

morphology of the samples has been studied by SEM analysis,
making use of a Zeiss LEO 1530 apparatus equipped with a field
emission electron gun, while AFM was conducted with a Digital
Dimension D5000 instrument with a Nanoscope IV controller,

using commercial silicon tips (frequency range of 51−94 kHz)
scanned bymeans of a VeecoNanoman closed loop XY head. For
the SEM and AFM analysis, different solutions of the samples
were prepared. In particular, MWCNT and ox-MWCNTs/
PDDA samples were dispersed in pure ethanol and catalysts I
and IV in Milli-Q water, to prevent enzyme denaturation. All the
solutions were sonicated for 5 min at room temperature, and a
drop of each solution was taken and deposited onto silicon
substrates (Si). At the end, the obtained samples deposited on Si
were subjected to annealing at 50 °C to quickly evaporate the
solvent (ethanol or water).

Determination of the Kinetic Constants. The catalytic
properties of native and immobilized tyrosinase were determined
in the organic solvent by measuring the initial rates of the
reaction with the substrate at 25 °C. The reactions were
conducted by using different concentrations of p-cresol 1,
ranging from 2 to 18 mM. The appropriate amount of 1 was
dissolved in DCM (2.5 mL), and free or immobilized tyrosinase
in the optimal aqueous amount (275 μL of PBS) was added. The
reaction mixture was stirred for 30 min. Sampling was performed
every 6.0 min, the absorbance at 389 nm (due to o-quinone)
measured, and the sample returned to the flask as rapidly as
possible. One unit of enzyme activity was defined as the increase
in absorbance of 0.001 at 389 nm and 25 °C in CH2Cl2 and 0.1M
PBS (pH 7.0). Km and Vmax values were calculated by plotting
data in Lineweaver−Burk, Hanes, Eadie−Hofstee, and nonlinear
regression plots. All experiments were conducted in triplicate
using native and immobilized tyrosinase.

Storage Stability. The storage stability of native and
immobilized tyrosinase was estimated by measuring enzyme
activity at specific time intervals (0−20 days) and at room
temperature in organic medium. The catalysts were stored in
PBS (2.0 mg/mL) at 4 °C, and at each time point, an appropriate
amount was added to a solution of p-cresol 1 (18mM) in CH2Cl2
(2.5 mL) containing the opportune amount of buffer (275 μL).
The initial rates of the reaction were measured by means of the
same procedure described for the determination of the kinetic
constants. Each sample was assessed in triplicate, and the
tyrosinase activity was expressed as the relative percentage
activity with respect to that at time zero.

Enzyme Recycling. The reusability of catalysts I and IV in
aqueous medium was determined by recording the time-
dependent increase in absorbance at 475 nm (dopachrome
formation) during L-tyrosine oxidation. The catalyst was then
recovered by centrifugation, washed to remove the substrate, and
reused again. The reusability of catalysts I and IV in the organic
solvent was determined by measuring the initial rates of the
reaction with the substrate at 25 °C. Briefly, 5.0 mg of p-cresol 1,
1.0 mg of I or IV, 275 μL of buffer, and 2.5 mL of CH2Cl2 were
placed in a flask at 25 °C under O2. The reaction mixture was
vigorously shaken, and the initial rates of the reaction were
measured by means of the same procedure described for the
determination of the kinetic constants. After 30 min, the catalyst
was recovered in the aqueous solution by phase separation,
centrifuged, washed to remove the substrate, and reused again.
For each run, the tyrosinase activity was expressed as the relative
percentage activity with respect to that of the first run.

Oxidation of Phenols. The oxidation of phenols 1−5 in the
biphasic CH2Cl2/buffer system was performed following a
procedure previously optimized by our group.25 Briefly, to a
solution of the substrate (0.05 mmol) in CH2Cl2 (2.5 mL) was
added the opportune amount of native or immobilized tyrosinase
(240 units) in PBS (275 μL), and the mixture was stirred at room
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temperature under O2. Reactions were monitored by thin layer
chromatography (TLC). After 24 h, the two phases were
separated by decantation, and in the case of immobilized
tyrosinase, the catalyst was recovered by centrifugation of the
aqueous layer. The organic fraction was concentrated with a
rotary evaporator and taken up with a solution of sodium
dithionite in THF and H2O [1:1 (v/v)]. The mixture was stirred
at room temperature for 5min to allow the complete reduction of
benzoquinones to catechols and extracted twice with ethyl
acetate. The collected organic extracts were dried over anhydrous
sodium sulfate, filtered, and concentrated under vacuum. For gas
chromatography and mass spectrometry (GC−MS), the residue
was treated with anhydrous pyridine (kept over NaOH pellets)
and a 2:1 HMDS/TMCS mixture under vigorous stirring at
room temperature for 30 min and then allowed to stand for 5
min.36 Dodecane (1 μL) was used as an internal standard. The
oxidation of 1 in buffer was performed following a previously
reported protocol.5 In a general procedure, a solution of 1 (0.05
mmol), ascorbic acid (1.5 equiv), and the appropriate amount of
native or immobilized tyrosinase (240 units) in 0.1 M PBS (pH
7.0, 5.0 mL) were stirred at 25 °C under O2. The reactions were
monitored by TLC. After the disappearance of the substrate, the
mixture was acidified with a solution of 1.0 M HCl and extracted
twice with EtOAc. In the case of immobilized tyrosinase, the
biocatalyst was first removed from the reaction mixture by
centrifugation. The collected organic extracts were washed with a
saturated solution of NaCl, dried over anhydrous Na2SO4,
filtered, and concentrated. The obtained colored residue was
analyzed by GC−MS as previously reported. All experiments
were conducted in triplicate.
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