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ABSTRACT

A novel sol-gel based biosensor exploiting the optical absorption properties of sol-gel
immobilized laccase has been constructed in the attempt to increase enzyme specificity
towards different phenolic substrates. Laccase from Trametes versicolor has been
immobilized in optically transparent sol-gel matrices. Using Fourier transform infrared
spectroscopy and data analysis based on a wavelet algorithm the successful enzyme
immobilization has been evidenced. The changes in the optical absorption spectra of laccase
reaction products at 425 nm, 375 nm and 400 nm have been used for hydroquinone,
resorcinol and catechol concentration determination, respectively. Due to the slow response
time of hydroguinone-laccase reaction, our optical biosensor has been tested with resorcinol
and catechol. Linear ranges up to 1.4 mM and 0.2 mM, limit-of-detection (LOD) of 4.5 uM
and 0.6 uM have been evidenced for resorcinol and catechol, respectively. Data for resorcinol
concentration determination have been particularly interesting since no other biosensor
device has been reported in literature. In comparison with other biosensors using laccase from
the same native source our biosensor has been characterized by larger linear ranges,
significant sensitivities and good LODs. To challenge our biosensor with real samples, tap
water samples spiked with known amount of catechol and resorcinol have been employed.
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1. Introduction

Water is one of the most important environmental compounds and the attention to the
problems related to the water environment and its pollution has become of considerable
interest in recent years. Among the potentially hazardous substances to the water, there are
phenolic compounds that are used in many industrial processes, such as the production of
pesticides, insecticides, herbicides and synthetic products and are found in industrial
wastewater. They are toxic compounds that can produce poisoning by absorption through the
skin, ingestion or inhalation of vapours [1]. Methods to determine phenols at a very low
concentration are gas chromatographic (GC), flame ionic detection (FID) or derivatization
and electron capture detection (ECD). Other methods to determine phenols at slightly higher
concentrations are liquid—liquid extraction gas chromatographic/mass spectrometric method
[2]. However these techniques are very demanding in terms of time, costs and they do not
allow in situ measurements, therefore there is a considerable interest in the development of
easy-to-use, highly sensitive and with good specificity biosensors. In this framework,
laccases can play a relevant role. Laccases (benzenediol oxygen oxidoreductase, EC 1.10.3.2)
are cuproproteins and belong to a small number of enzymes called polyphenol oxidase or
blue multicopper [3, 4]. Most of laccases contains four copper atoms per functional unit,
which are essential for catalytic activity. The copper atoms are distributed in different binding
sites and they are classified into three types according to the specific spectroscopic
characteristics, functional and paramagnetic properties. The copper of type 1 (T1) absorbs
electromagnetic radiation around 600 nm and it is responsible for the characteristic blue
colour of these cuproproteins. It’s presumably the primary site of oxidation. Copper Type 2
(T2) shows only a weak absorption in the visible but is EPR active. The two copper atoms of
type 3 (T3) are characterized by an absorption band around 330 nm and are EPR silent [5, 6].
Laccases catalyze the oxidation of various aromatic compounds, such as ortho and para
diphenols, polyphenols, aminophenols and aromatic amines, with the concomitant reduction
of molecular oxygen to water [7]. From literature it’s evident that laccases have been mainly
employed for the design and fabrication of electrochemical biosensors for the detection of
phenol compounds [8-15] with significant linear ranges, sensitivity and detection limit (see
Table 1 in ref. 11). As far as concerns optical biosensors few of them have been reported in
literature notwithstanding the significant optical properties of laccases [16-19] and the
experimental evidence that optical biosensors have been generally characterized by a high
sensitivity [20]. Some of the optical laccase biosensors reported in literature have used
fluorescence measurements and the unique physicochemical properties of nanoparticles and
quantum dots have been also successfully exploited to improve the linear range, sensitivity
and selectivity [21, 22]. An optical laccase biosensor for detection of phenolic compounds
has been developed by Abdullah et al. [23]. The optical biosensor has been prepared by using
chitosan-laccase solution and stacked films where 3-methyl- 2-benzothiazolinone hydrazone
(MBTH) immobilized in a hybrid nafion/sol-gel silicate film. Quinone and/or phenoxy
radical product from the enzymatic oxidation of phenolic compounds has been allowed to
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couple with MBTH to form a coloured azo-dye product for spectrophotometric detection.
Another optical biosensing scheme has been proposed by Sanz et al [24] exploiting
absorption properties for phenol detection using polyacrylamide film for laccase
immobilization. Laccases and phenol reaction products present significant optical
characteristics in UV and visible range that until now have been mainly adopted for
developing spectrophotometric methods for measuring laccase activity [25-28]. Similar
methods can be suitably modified for biosensing applications taking into account that laccase
interacting with different phenols shows absorption spectra with different spectral
characteristics. These differences can improve the specificity of laccase-based biosensors that
is generally considered rather low [29]. In order to develop optical biosensors able to exploits
the above mentioned spectral features optically transparent matrices for enzyme
immobilization are required. Sol-gel technology can be extremely useful for fabricating
optical biosensing elements owing to superior chemical stability, optical transparency and
porosity of sol-gel matrices. [30-35].

Sol-gel matrices with immobilized laccase from Trametes versicolor have been used for
designing a new biosensor based on the changes in the optical absorption due to the
interaction of the immobilized laccase with different phenol compounds. In particular
hydroquinone, resorcinol and catechol have been investigated and the linear range, the
sensitivity and the limit of detection (LOD) have been measured. The proposed biosensor
has been tested with real samples using tap water spiked with known amount of catechol and
resorcinol. It’s worth to note that no other biosensing device for resorcinol concentration
determination has been reported in literature to our knowledge.

2. Materials and Methods

2.1 Materials

All chemicals and commercial laccase were purchased from Sigma (Sigma Italia, Milan,
Italy), with the exception of tetramethoxysilane (TMOS) and methyl-trimethoxysilane
(MTMOS) which were purchased from Fluka (Fluka Italia, Milan, Italy). In this study laccase
from Trametes versicolor with an enzymatic activity equal to 20 U/mg was used without any
further purification. Free laccase solutions with a concentration equal to 8 ug/mL were
obtained by using 0.1 M acetate buffer at pH 5. Hydroquinone, resorcinol and catechol were
dissolved in the same buffer at different concentrations as required by experiments.

2.2 Methods
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2.2.1 Preparation of catalytic sol-gel matrices

Silica gel matrices were prepared by rapid mixing of 600 puL of solution A with 600 puL of
solution B by modifying a previously reported preparation procedure [33]. Solution A was
obtained by slowly mixing (for 1 h at 4 °C) 1200 uL of TMOS + 400 uL of MTMOS
solution, plus 480uL of H,O and 48uL of 40 mM HCI. Solution B contained 0.1 M phosphate
buffer at pH 6.5. The A and B solution mixture (1200 uL) was poured into a
polymethylmethacrylate cuvette that was after sealed. To avoid cracking once the gel was
formed, after a first step of gelification (about 15 min) the cuvette was filled with 0.1 M
phosphate buffer at pH 6.5 and stored overnight in a refrigerator at 4 °C. The day after, the
silica gel layer was removed from the cuvette and was ready for use. The catalytic gel was
prepared with solution B containing an additional 5 mg/mL of laccase. For
spectrophotometric measurement sol-gel sample were prepared with 8x30x3 mm size. When
not used, the sol-gel layers were stored at 4 °C in buffer solution pH 5.0 and showed good
storage stability over a period of 60 days.

It is important to note that the hydrophobic organic ligands of silane precursors are
important for defining the characteristics of gel matrices, that are fundamental for the
catalytic properties of laccase preparation and its interaction with hydrophobic substrate [36].
For this reason MTMOS compound was added in solution A to increase the sol-gel
hydrophobicity. In Fig. 1 a representative scheme of catalytic sol-gel preparation is reported.

2.2.2 FT-IR spectroscopy

A Perkin Elmer Spectrum One FT-IR spectrometer equipped with a MIR TGS detector
was used to record FT-IR spectra. The samples were examined by using KBr pellets. Before
collection, background scanning was performed using empty KBr pellets. All spectra were
collected using 16 scans in the range from 4.000 to 600 cm™ with a 4 cm™ spectral resolution.
Each sample was investigated in triplicate. The spectra were preliminarily analyzed using the
application routines provided by the software package (“Spectrum” User Guide, Perkin Elmer
Inc. USA) controlling the whole data acquisition system. “Spectrum” is the main Perkin
Elmer software package for collecting, viewing and processing IR spectra.

FT-IR spectroscopy is a technique largely employed for support characterization and for
confirming the successful enzyme immobilization [34-35]. In order to evidence differences
between infrared spectra related to different samples a data analysis procedure successfully
applied in Raman spectra analysis was adopted here. In particular, an automatic numerical
treatment based on wavelet algorithm was used [37 and references therein]. The infrared
spectrum was assimilated to a time modulated signal f(t) on a finite interval, where the
wavenumber shift stood as the variable t. The wavelet algorithm cut up the signal into
different “frequency” components, similarly to the conventional Fourier transform, but it
used spatially localized functions with average zero value (namely wavelets, small waves),
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instead of conventional sinusoidal functions, allowing to obtain information on both
frequency and time dependence. MATLAB 6.5 program (by MathWorks Inc., Natick, MA,
USA) was used for wavelet analysis.

2.2.3 Absorption and time course measurements

All the absorption measurements were performed using a Lambda 25 Perkin Elmer
(Perkin-Elmer Italia, Milano, Italy) spectrophotometer working in the 200-900 nm range.

UV-VIS spectra were obtained for laccase, phenols compounds before and after laccase
interaction using a quartz cuvette. In the case of sol-gel matrix samples with and without
laccase enzyme the gel layers were placed in the same cuvette filled with 3 mL 0.1 M acetate
buffer solution at pH 5.

For bioanalytical applications time course measurements of changes in the absorption
were performed using the same spectrophotometer. These measurements were performed at
an optimized fixed wavelength experimentally determined by monitoring the enzymatic
reaction between laccase and the phenol compound. At the beginning, the absorption of either
free or immobilized laccase at the optimized fixed wavelength was measured. This measure
constitutes the baseline for the subsequent measurements. After addition of few pliters of
solution of different phenols at various concentrations the time course of the absorption
intensity was monitored and absorption changes for unit of time were determined.

All measurements were performed at 20 °C and each sample was examined in triplicate.

3. Results and Discussion

3.1 FT-IR spectroscopy

In order to monitor the laccase immobilization in the sol-gel matrix FT-IR spectroscopy
was used. A representative FT-IR spectrum of laccase is reported in Fig. 2a in which some
typical characteristics of infrared protein spectra are present. In particular, a large
contribution from amide A and OH groups is evident at 3401 cm™, the small peak at 2922
cm™* can be due to CH symmetric stretching in CH,. The peaks at 1647 cm™ and 1545 cm™
can be assigned to amide | and amide Il contribution, respectively. As said before FT-IR
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spectroscopy can been used to monitor the enzyme immobilization and these two peaks are
usually chosen for evidencing successfully enzyme immobilization [33, 34 and references
therein]. The peaks at 1408 cm™ can be ascribed to C—H bending of CH; group; the peak at
1250 cm™ is due to amide 111 contribution, the band at 1036 cm™ is ascribed to C-O
stretching and the small peak at 804 cm™ can be due to amide V contribution. For a complete
assignment according to refs. 34 and 38 please refer to Table 1. In Fig. 2b a representative
FT-IR spectrum (dashed line) of a sol-gel matrix is reported. The large band at 3495 cm™
can be ascribed to H-bonded silanol and O—H stretching, the small peaks at 2919 cm™ and
2850 cm™ are generally associated with CH asymmetric stretching in O—CHzand CH
symmetric stretching in O—CHjs contribution, respectively. In this case the peak at 1645 cm™
can be due to H-bonded silanol and O—H bending. The peak at 1280 cm™ can be due to Si-
CHs and symmetric CHs deformation vibration, the large asymmetric band at 1057 cm™ is
characteristics of the silica sol-gel materials and is due to Si—-O-Si asymmetric stretching, the
peak at 951 cm™ can be associated with Si—-OH deformation vibration and the one at 799
cm™ can be related to Si—-O-Si symmetric stretching. For a complete assignment according
to refs. 34 and 38-40 please refer to Table 2. In Fig. 2b also the FT-IR spectrum (continuous
line) of a sol-gel immobilized laccase sample is reported. As can see the two spectra are
largely similar with the exclusion of small wavenumber shifts of some peaks and the presence
of two small contributions at 1552 cm™ and 1414 cm™ that can be related to amide Il and C-—
H bending CHs, respectively. At first glance, there is no clear evidence of laccase presence.
In fact using commercial or not extremely purified laccases is not so easy to evidence the
occurred immobilization [41]. To evidence the contribution of immobilized enzyme the
procedure previously adopted in refs. 34 and 35 for monitoring the glucose oxidase
immobilization hasn’t given satisfactory results. For this reason the above-mentioned wavelet
data analysis has been adopted and has allowed us to obtain reconstructed spectra evidencing
that the 1800-1300 cm™ region shows significant differences between the two spectra of Fig.
2b. In particular the spectrum reported in the inset of Fig. 2b has been obtained by subtracting
the reconstructed spectrum of the sol-gel matrix with laccase to the reconstructed spectrum of
the bare sol-gel matrix. The inset shows the contribution at 1668 cm™, 1552 cm™and 1414
cm™ that can be ascribed (within the spectral resolution experimentally available) to amide I,
amide Il and C—H bending of CH3; group, respectively. Their presence can confirm that
laccase has been successfully immobilized in sol-gel matrix [42, 43] even though Amide |
band appears shifted to higher wavenumbers. This evidence can indicate the dominance of a
more disordered B-turn component or a possible interaction between sol-gel matrix and
laccase [44]. In addition the relative intensity of Amide I and Amide Il band is changed in
comparison with FT-IR spectrum of native laccase similarly to what observed from Diaconu
et al for laccase from Trametes versicolor entrapped in a nanocomposite chitosan film [44].
In their paper the presence of Amide | and Amide Il band with an intensity ratio in the FT-IR
spectrum of immobilized enzyme different from the one present in the spectrum of native
enzyme is still assumed to indicate a good functionality. In our case the preservation of
enzymatic activity of our catalytic elements is further confirmed by the calibration curves
later discussed.
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3.2 UV-Vis Spectra Analysis

In Fig. 3a the absorption spectrum of laccase in solution (concentration equal to 1 mg/mL
in 0.1 M acetate buffer pH 5) is reported, the contribution of peptide bonds at 230 nm and of
tyrosine and tryptophan at 280 nm can be noticed, the contribution of T3 is evidenced around
330 nm by a small enhancement. The T1 contribution can be recognized only in inset of Fig.
3a where more appropriate axis scales are used. The intensity of T3 and T1 contributions is
very low in comparison with results reported in refs. 18 and 45, but in these papers enzyme
purification procedures have been adopted. Conversely, for our biosensing applications, we
have decided to use commercial enzymes without any further manipulation. In Fig. 3b the
absorption spectrum (i line) of laccase immobilized in the sol-gel matrix is shown along with
the corresponding spectrum (ii line) of bare sol-gel. As evident the sol-gel has a negligible
absorption in all the visible range and the contributions of peptide bonds at 220 nm and of
tyrosine and tryptophan at 280 nm are detectable when the enzyme is immobilized. The
contribution of T3 copper site is negligible. The presence of the 220 nm and 280 nm peaks
further confirms the immobilization of laccase.

As well known laccase can catalyze the oxidation of hydroquinone (p-benzenediol),
resorcinol (m-benzenediol) and catechol (o-benzenediol) to o,m,p-quinones by oxygen in
solution according to the following reaction [14, 46]:

laccase

0,m, p—benzenedid +%02—>o,m, p—quinone+ H,0 1)

where the oxygen is directly reduced to water without the intermediate formation of
hydrogen peroxide. Since these reaction products, i.e., the quinones formed in reaction (1),
are electrochemically active, the concentration of phenolic compounds can be determined by
monitoring the current of these enzymatic products on the electrode as occur in
electrochemical biosensors [7-10]. The reaction (1) can be also optically followed by
measuring absorption changes at a well-chosen wavelength (depending on the chosen
phenolic compound) as performed in many spectrophotometric assays for laccase activity
determination [26-28].

Fig. 4a shows the UV absorption spectrum (dashed line) of hydroquinone and of the
product of enzymatic oxidation due to laccase interaction (continuous line). The
hydroquinone spectrum is characterized by a peak at 225 nm that is can be mainly attributed
to w-m* electronic transitions centred on aromatic ring while the band at 290 nm may be due
to donor-acceptor charge transfer [47, 48]. As far as concerns the absorption spectrum
(continuous line) of hydroquinone oxidized by laccase, a new peak appears at 425 nm, which
corresponds to the formation of p-benzoquinone (see Fig 4a inset) [48]. During the slow
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enzymatic oxidation, the colour of hydroquinone solution changes from colourless to dark
wine red.

In Fig. 4b the UV-Vis spectra for resorcinol (dashed line) and resorcinol interacting with
laccase (continuous line) are reported. The resorcinol spectrum shows features similar to the
ones already discussed for hydroquinone spectrum, with the two bands located at 220 nm and
270 nm. For resorcinol the colour of solution changes from colourless to dark orange during
enzymatic oxidation. The peak related to the resorcinol-laccase interaction is present at 375
nm as shown by Fig.4b inset [49].

In Fig. 4c the UV-Vis spectra for catechol (dashed line) and catechol interacting with
laccase (continuous line) are reported. For catechol the two bands are located at 220 nm and
275 nm and the colour of solution changes from colourless to dark brown during enzymatic
oxidation. A peak related to the catechol-laccase interaction is present at 400 nm [50-51] as
shown by Fig. 4c inset. It must be noted that the here reported absorption spectra for laccase
interacting with various phenols show maximum located at a different wavelength. This
could be exploited for preparing optical biosensor able to overcome the lack of specificity
usually attributed to laccase [29].

3.3 Calibration curves

In order to determine the calibration curves of our biosensor by means of time course
measurements, Figs. 4a,b,c are used to single out the wavelength of the maximum in the
absorption spectra of reaction products. As previously said, the absorption of either free or
immobilized laccase at an optimized fixed wavelength (Amax =425 nm for hydroquinone,
Amax = 375 nm for resorcinol, A,ax = 400 nm for catechol) is preliminarily measured and
constitutes the baseline for the subsequent measurements. After addition of few pliters of
solution of different phenols at various concentrations the time course of the absorption
intensity is monitored and absorption changes for unit of time are determined. As an example
in Fig. 5 the time changes (time course) in the absorption at the above-mentioned wavelength
are monitored for a laccase solution (concentration equal to 1 mg/mL in 0.1 M acetate buffer
pH 5) after addition of 0.4 mM of different phenols (a line for hydroquinone, b line for
resorcinol and c line for catechol). As is evident the most significant changes occur for
catechol conversely for hydroquinone and resorcinol enzymatic reaction shows less evident
increases.

By performing time course measurements the analytical parameter defined as the
absorption changes for unit of time A (min™) can be obtained by the following expression:

Abs™ ™ (t)— Abs ™ (t, )
t—t,

A= )
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where Abs*™(t) is the absorption at the optimized fixed wavelength at t time and t, is the

initial one. The values of A parameter are then determined for different analyte
concentrations and linear calibration curves are obtained.

In Fig. 6a, the values of A from absorption time course of free laccase are reported as a
function of hydroquinone concentration. The data show a Michaelis—Menten-type behaviour
and are fitted by the following equation:

A = Poe© 3)
K,+C

where Anax IS the saturation value of the absorption changes for unit of time, C in the
analyte concentration and Ky, is the apparent Michaelis—Menten constant.

The plot of the linear range is also reported in the inset of Fig. 6a and Hanes plot (not
shown) allowed us to determine the Amax and Ky, reported in Table 3. Similar results are
obtained for resorcinol (Fig. 6b) and catechol (Fig. 6¢), also in these cases the data follow a
Michealis-Menten-type behaviour and the related parameters are reported in Table 3. From
the Ky, data of this Table it is possible to note that the highest affinity is shown by catechol
while the lowest one is shown by resorcinol. The Anax Values indicate that the laccase-
phenols interactions are characterized by different reaction rates. In particular, the laccase-
catechol interaction process has the highest reaction rates, while laccase-hydroquinone
reaction confirms a very slow reaction rate [47, 48]. As far as concerns the other
characteristics reported in Table 3, it is possible to note that largest linear range is obtained
for resorcinol, while the best sensitivity and LOD are obtained for catechol. The LOD is
calculated as signal-to-noise ratio equal 3. Given the very slow reaction rate of hydroquinone,
the working characteristics of our laccase biosensor have been evaluated using resorcinol and
catechol. The calibration curves for these two phenol compounds are reported in Figs. 7a and
7b together with related linear range plot and the kinetic parameters are also shown in Table
3. From this Table it can be noted that for catechol the immobilization procedure decreases
the affinity, the reaction rate and the sensitivity, leaves unchanged the linear range and
increases the LOD value. As far as concerns resorcinol the effects of immobilization are a
decrease in affinity, an enlargement of linear range, a higher LOD value and an increase in
reaction rate and sensitivity. This behaviour could be ascribed to some peculiar characteristic
of the laccase-resorcinol interaction process, not yet well-described in literature or to some
interaction between resorcinol and sol-gel matrix. It’s important to note that no data on the
use of laccase for resorcinol biosensing applications have been reported in literature to our
knowledge. For this reason in Table 4 we report working parameters of biosensors prepared
with laccase from Trametes versicolor only for catechol and hydroquinone. From the
information reported in this Table it is possible to notice that the entrapment is the most used
immobilization method even though also enzyme in solution is proposed for biosensing.
Different values for the linear ranges and LOD are reported for the various kinds of
biodevices. A time stability of 2 months is obtained for optical biosensor based on hybrid
nafion/sol-gel silicate film [23] and for the amperometric biosensors using screen-printed
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electrode [53]. It must be noted that also our sol-gel based biosensors shows a similar
stability as above-reported ( see also Ref. 33 for further information). From a comparison
between Tables 3 and 4 it is evident that our biosensor shows valuable working features in
comparison to other optical and amperometric catechol biosensing devices. In particular, the
comparison with the other two optical biosensors reported in literature for catechol shows
that the one based on hybrid nafion/sol-gel silicate film [23] has a compatible linear range but
aworse LOD. For the biosensor reported in ref. 21 the linear range is significantly smaller
and the LOD is better, but the above-mentioned biosensors are based on enzyme in solution
that doesn’t allow the reuse of enzyme.

As far as concerns hydroquinone concentration determination other attempts are underway
to improve the kinetic of reaction with laccase by using additional agents [47] or
nanomaterials and quantum dots [55, 56].

3.4 Recovery test with spiked samples

The analytical application of the proposed biosensor has been investigated by spiking
water samples with 5 uM or 10 uM catechol or with 10 uM or 15 uM resorcinol. The
recoveries have been in the range of 93-112% as reported in Table 5. These results confirm
that the proposed method is useful for catechol and resorcinol determination in real samples.

4. Conclusions

In the present paper, a new sol-gel based optical biosensor for detection of different
phenols compounds (catechol, resorcinol and hydroquinone) has been presented. Laccase
from Trametes versicolor has been immobilized in an optically transparent sol-gel matrix and
the catalytic elements characterized by FTIR spectroscopy. Using changes in the absorption
of reaction products the concentration of the different analytes has been determined.
Significant working parameters have been obtained for resorcinol and catechol. The case of
resorcinol is particularly valuable since no other laccase based biosensors are reported in
literature to our knowledge. The developed biosensor has been also successfully tested with
real samples using tap water spiked with known amount of catechol and resorcinol.
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The results here reported confirm that sol-gel immobilized laccase matrices can be used
for constructing inexpensive and easy-to-use biosensors similar to the prototype described in
one of our previous papers for glucose oxidase enzyme [33]. Moreover, the catalytic
matrices can be also integrated into multi-microwell plates for a parallel and simultaneous
detection of various samples [57]. It is important to note that the proposed biosensor exploits
the intrinsic absorption spectra shown by laccase interacting with phenols without the use of
other components. As say before the different characteristics of the above-mentioned spectra
can contribute to improve the specificity of biosensors. For example, a step in this direction
could be done by constructing complete calibration curves by monitoring the entire
absorption spectra while the enzymatic reaction progresses in the presence of known amounts
of various phenols. In such a way the determination of different phenols contemporarily
present could be obtained [58] .
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FIGURE CAPT

Figure 1 — A representative scheme of catalytic sol-gel matrix preparation process.
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Figure 2 —a) FT-IR spectrum of a laccase powder sample; b) FT-IR spectrum of a bare
sol-gel sample (dashed line) and a sample of laccase immobilized in sol-gel (continuous line).

In the inset a selected region of the spectrum of immobilized laccase after subtraction of sol-

gel contribution using wavelet procedure.
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Figure 3 — (a) Absorption spectrum of free laccase solution (concentration 1mg/mL in 0.1

M acetate buffer at pH = 6.5). In
spectra of laccase immobilized
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Figure 4 — (a) Absorption spectra of hydroquinone (dashed line) and laccase-reaction
product (continuous line); (b) the same for resorcinol; (c) the same for catechol. In the inset
the spectra in the range 300-600 nm. Experimental conditions: [hydroquinone] = [resorcinol]

= [catechol] =0.4 mM and [laccase] = 8 ug/mL in 0.1 M acetate buffer at pH = 5.
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Figure 5 — Time course behaviour of absorbance values for the three different aromatic

compounds oxidation catalyzed by laccase, in the experimental conditions of Figs. 4a, 4b and

N
o

a) hydroquinone, b) resorcinol, c) catechol.
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Figure 6 — Calibration curve of free laccase as a function of substrate concentration

obtained by monitoring absorption at : (a) 425 nm for hydroquinone; (b) 375 nm for

resorcinol; (c) 400 nm for catechol. In the inset the linear range for biosensor response.

Experimental conditions: [hydroquinone] = [resorcinol] = [catechol] = 0.4 mM and

[laccase] = 8 ug/mL in 0.1 M acetate buffer at pH = 5.
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Figure 7 — Calibration curve of laccase in sol-gel matrix as a function of substrate
concentration obtained by monitoring absorption at : (a) 375 nm for resorcinol; (b) 400 nm
for catechol. In the inset the linear range for biosensor response. Experimental conditions:
resorcinol an catechol in 0.1 M acetate buffer at pH =5
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TABLE CAPTIONS

Table 1 Main peaks in the FT-IR spectrum of free laccase sample and tentative assignment according
to refs. [34, 38]

Table 2 Main peaks in the FT-IR spectrum of sol-gel sample and tentative assighnment according to
refs. [34, 38-40]

Table 3 Optokinetic parameters from calibration curves analysis for laccase in solution and
immobilized (where LOD is defined as three times the signal-to-noise ratio).

Table 4 Working parameters of some Trametes versicolor laccase-based biosensors as reported in
literature (n.a. stands for not available)

Table 5 Recovery studies of spiked tap water samples. The measurements were performed in
triplicate and the evaluated parameters are expressed as the mean of the three replicates + SD.
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TABLE 1

® Wavenumber (cm™) Assignments
‘ 3401 amide A; O-H stretching

. 2 2922 CH symmetric stretching in CH,
N

H 1647 C=0 stretching amide |
< 1545 N—H bending amide Il
@ 1408 C-H bending CH;

® 1250 amide lll
~—

Q 1036 C-0 stretching

@ 804 amide V

QO

O
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TABLE 2

Wavenumber (cm™)

Assignments

3495

2919

2850

1645

1280

1057

951

799

H-bonded silanol ; O—H stretching

CH asymmetric stretching in O—CH;

CH symmetric stretching in O—CH3

H-bonded silanol and adsorbed water O—H bending

Si-CH3, symmetric CH; deformation vibration

Si—O—Si asymmetric stretching

Si—OH deformation vibration

Si—0-Si Symmetric stretching
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TABLE 3

Laccase Phenol K Anmax Linear Sensitivity LOD
form compound (mM) (min™) Range (min mM™) (1M)
(10 *um)

Enzyme in hydroquinone 0.362 + 0.095 0.012 + 0.001 upto 0.4 0.019 + 0.001 6
solution

Enzyme in resorcinol 1.587 + 0.267 0.081 + 0.008 upto 0.6 0.040 + 0.001 3
solution

Enzyme in catechol 0.306 + 0.038 0.444 + 0.022 up to 0.2 0.957 + 0.020 0.1
solution

Enzyme in resorcinol 3.232+0.844 0.313+0.051 uptol4 0.075 +0.001 4.5
sol-gel

Enzyme in catechol 0.424+ 0.040 0.309 +0.015 upto0.2 0.521 +0.016 0.6
sol-gel
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TABLE 4

Immobilization support Substrate

and method

Linear range
(nM)

LOD (uM)

Stability

Refs

Optical biosensor based on hybrid Catechol
nafion/sol-gel silicate film

Crosslinking + entrapment

Optical biosensor based on enzyme Catechol
in solution

Amperometric biosensor based on Catechol

modified mesoporous silica MCM-
41/PVA

Entrapment

Optical biosensor based on enzyme  Hydroquinone
in solution

Amperometric biosensor based ona  Hydroquinone
high resolution photopolymer

deposited onto a screen-printed
electrode

Entrapment

Amperometric biosensor based on Hydroquinone
graphite electrodes

Adsorption

500 - 800

0.08-5

4.0-87.98

0.05-2

1.1-130

0.5-8

330

0.01

0.331

0.01

1.07

0.44

2 months

n.a.

2 months

Some
days

[23]

[21]

[52]

[21]

[53]

[54]
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TABLE 5

Sample contaminant Concentration Concentration Recovery
added added found (%)
(nM) (M)
1 catechol 5.0 56+0.3 112 +4
2 catechol 10 9.7+ 0.5 97 +5
3 resorcinol 10 9.3+0.5 93+5
4 resorcinol 15 16.6 + 0.8 111 +45
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