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A sustainable amperometric biosensor for the
analysis of ascorbic, benzoic, gallic and kojic acids
through catechol detection. Innovation and signal
processing
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In this work, we present a new catechol amperometric biosensor fabricated on the basis of naturally avail-
able enzymes in common mushrooms. The biosensor response mechanism comprises the reduction of
the quinone exclusively produced in the oxidation of the catechol present in the sample, which is cata-
lyzed by tyrosinase enzyme. The new catechol biosensor has demonstrated excellent analytical perform-
ance at increasing catechol concentrations in the sample solution, which includes superior reproducibility
for several electrodes and long-term stability. On top of that, the biosensing element used in the fabrica-
tion is a sustainable material, of low-cost and presents an excellent lifetime of years. Whether the catechol
biosensor is operating in the presence of a compound influencing the reactions underlying the ampero-
metric response (such as ascorbic, benzoic, gallic and kojic acids), this serves as an analytical platform to
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detect these compounds in real samples. Particularly, we introduce herein for the first time different treat-
ments to process the current signal of the biosensor pursuing the linearity needed for the analytical appli-
cation in real samples. In this sense, the catechol biosensor has been successfully applied to the detection
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Introduction

Enzymatic biosensors have largely demonstrated excellent
analytical applicability for the detection of targets that are
involved either as substrates or inhibitors in the enzymatic reac-
tion in which the sensor is based. Specifically, biosensors based
on polyphenol oxidase (also called tyrosinase) allow for the deter-
mination of phenolic compounds as substrates of this enzyme
(such as catechol, phenol, tyrosine and dopamine),'® as well as a
number of inhibitors (such as benzoic acid among others)."*
Different strategies have been reported for the construction
of this sort of biosensors, mainly involving the immobilization
of the enzyme by distinct approaches. The enzyme immobiliz-
ation may in turn comprise different grades of complexity.
Furthermore, commercially available enzymes are traditionally
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of benzoic, gallic and kojic acids in juices, teas and cosmetic products, respectively.

used despite being rather expensive. As a result, the entire pro-
cessing and immobilization of the enzyme cause the prepa-
ration of the biosensor to be often considered as complex,
expensive, time-consuming and risky to present a shortcoming
that impedes/retrogresses the optimal analytical functioning.

Aiming at providing simplicity and more affordability to the
general process for the construction of enzymatic biosensors,
a wave of platforms operating on the basis of bio-tissues that
are rich in the required enzymes were introduced some years
ago.""*' Particularly, it is well known that common mush-
rooms have very rich polyphenol oxidase activity. However, the
fast degradation of the raw bio-tissues limits the lifetime of
the manufactured biosensor, being therefore necessary to
further preserve the enzymatic activity of the vegetal material.

The freeze-drying process, also known as lyophilization in
the jargon, is currently conceived as a smooth methodology
for the suppression of water content in vegetal materials and
biologically active molecules. Hereby, lyophilization is very
effective for the preservation of the inherent features of these
natural materials. Indeed, the lyophilization process is well-
entrenched and worldwide utilized, especially in the enzymo-
logical and food fields.

In recent years, it has been observed that stability and final
activity of freeze-dried materials critically depend on how the
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entire approach is performed.””>> Essentially, this is based on
different freezing and drying stresses, such as solute concen-
tration, formation of ice crystals, pH changes and others, that are
prone to denature proteins in the material to various degrees.*>
Thus, stabilizers are often required in a protein formulation to
protect its stability in the final processed material.*>**

As an alternative to the use of commercially available (puri-
fied) enzymes and to fresh bio-tissues, we report herein a cate-
chol biosensor based on mushroom lyophilized powder as the
enzymatically active core of the biosensor. Despite being prom-
ising, this type of material has been scarcely used in biosensor
development and mainly restricted to oxygen observation.>®
Our studies are based on the monitoring of the reduction of
the quinone formed in the oxidation of catechol catalysed by
the tyrosinase enzyme present in the mushroom powder. In
addition, the analytical determination of the response of
certain inhibitors of the biosensor to catechol (i.e. ascorbic,
benzoic, gallic and kojic acids) is explored, this being impor-
tant in the analysis of real samples such as beverages and cos-
metic products among others.

It is crucial to consider here that the mechanism in which
each of the selected compounds influences the biosensor
response to catechol varies. While ascorbic acid reacts with the
quinone formed, benzoic, gallic and kojic acids inhibit the
enzymatic reaction. Particularly, gallic acid is in real an
alternative substrate to the tyrosinase enzyme but shows a low
catalytic constant®”*® and therefore generally considered as an
inhibitor.>® Indeed, there are many substrates and inhibitors
of the tyrosinase enzyme and therefore, the applicability possi-
bilities for the developed catechol biosensor are really
wide.’>*! One of us has indeed been involved in numerous
investigations concerning tyrosinase enzyme and notably par-
ticipated in the development and tuning of a test for the dis-
crimination between alternative substrates (i.e. compounds
different from catechol that are also substrates of the tyrosi-
nase) and inhibitors.*”

Tyrosinase-based biosensors have been extensively reported
for the detection of benzoic acid,'®"® whereas we have found
only one paper related to the detection of kojic acid.** While
both (benzoic and kojic acids) are competitive and reversible
inhibitors, it is known that the kinetics involved in kojic acid-
based inhibition is slower. Accordingly, the data treatment
developed by us in the present paper is different for these two
inhibitors in order to optimize the required analysis time.
Then, to date and as far as we know, all the biosensors reported
for the detection of ascorbic acid are based on the ascorbate
oxidase enzyme®* and none has been reported for the determi-
nation of gallic acid. Therefore, the studies in the present paper
are of high interest from an analytical point of view.

Experimental
Reagents, materials and instrumentation

Aqueous solutions were prepared by dissolving the appropriate
salts in deionized water (18.2 MQ cm). Catechol (>99.5%),
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benzoic acid (>99.5%), L-ascorbic acid (>99.7%), gallic acid
monohydrate (>98%), kojic acid (>99.5%), synthetic graphite
powder (<20 pm), potassium dihydrogen phosphate (>99%)
and sodium hydroxide (>98%) were purchased from Panreac.
Mineral oil and Folin-Ciocalteu reagent were acquired from
Sigma-Aldrich. Mushrooms (Agaricus bisporus) already lami-
nated and all the analyzed beverages and products were pro-
vided by a local supplier. Phosphate buffer solution (PBS) at
pH 6.5 was prepared at 0.05 M concentration. Standard solu-
tions of catechol (0.1 M), L-ascorbic acid (0.01 M), benzoic acid
(0.01 M) and gallic acid (0.01 M) were prepared in PBS back-
ground and stored in a fridge at 4 °C.

For the amperometric measurements, a potentiostat that
was in-house fabricated at the University of Murcia, a CHI220
Cell Stand (IJ Cambria Scientific) coupled to a regular beaker,
a CHI111 Ag/AgCl reference electrode (3 M KCl inner solution,
IJ Cambria Scientific) and a CHI115 platinum wire counter
electrode (IJ Cambria Scientific) were used. A MF-2010 Carbon
Paste Electrode Body (2.87 mm ID) (BASi, West Lafayette) was
used to accommodate the enzymatic-active paste to prepare
the catechol biosensor, which was the working electrode of the
electrochemical cell. A freeze dryer (ALPHA 1-2 LDplus, Christ,
Germany), a manual grinder (A505 2HF, Moulinex, France), a
vacuum packing machine (Boxer 35, Henkelman, the
Netherlands), a microwave oven (LG), a spectrophotometer
(Thermo Spectronic Unicam UV-510 UV-Visible), a stirrer
(F203A0161, Velp Scientifica, Italy), a pH-meter (pH &
ION-Meter GLP + 22, Crison, Spain), an agate mortar
(01442-AB, Spi Supplies, China) and a sieve (Filtra vibracion S.
L., Spain) were also utilized.

Preparation of the lyophilized mushroom powder

Mushrooms were acquired in a local shop in the laminated
format and the lyophilization process was carried out at the
‘Seccién de Investigacion Agroforestal laboratory’ (SEAF) at the
University of Murcia. Briefly, the laminated mushrooms were
stored in lyophilization bags. Each bag was treated at —60 °C
under 0.021 mbar for 48 h. This process allowed the water
evaporation at low temperature. The lyophilized mushrooms
were vacuum-packed and stored in the fridge at 4 °C. Before
use, the mushrooms were passed through an electric grinder
and subsequently screened to obtain particle sizes between
60-250 pm and 250-420 pm. These mushroom powders were
stored in closed recipients in the fridge at 4 °C.

Preparation of the biosensor

For the preparation of the electrode pastes comprising 1:10
and 1:5 wt. vegetal tissue/graphite, 0.11 g or 0.22 g of the
corresponding mushroom powder 1.10 g of graphite, and 0.9 g
of mineral oil were manually mixed in an agate mortar and
pestle until the obtention of a homogeneous paste. Either of
these two pastes was placed in the electrode body generating a
compact block whose external surface was slightly polished
using glossy paper. Although electrode conditioning was not
necessary, it was stored in PBS at pH 6.5 over its use to maxi-
mize its lifetime.

This journal is © The Royal Society of Chemistry 2020
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Procedure for the biosensor calibration towards catechol

A volume of 25 mL of PBS at pH 6.5 was transferred to the
electrochemical cell. The biosensor was then activated at a con-
stant potential of 0.1 V and at a constant moderate stirring of
the solution (approx. 200 rpm). When the measured current
reached a constant value, the calibration graph for catechol
started by the addition of increasing concentrations to the PBS
background by adding small volumes of the 0.1 M catechol
standard solution. Subsequently, the calibration graph was
constructed using the current value reached after exactly 30 s
of each catechol addition, ie., coinciding with the response
time of the biosensor.

Procedure for the obtention of the calibration graph for
ascorbic, benzoic, gallic and kojic acids

For experiments based on benzoic, gallic and kojic acids, the
base line of the biosensor was first registered in 4 x 10™* M
catechol in PBS at pH 6.5 until a constant current value was
reached. In the case of ascorbic acid, two different concen-
trations were used: 4 x 10~* M (for comparison purposes with
the rest of the inhibitors) and 4 x 107> M as the optimized con-
centration for the calibration graph.

Subsequently, increasing concentrations of each acid were
added by small volumes of the 0.01 M standard solution of the
corresponding acid. A time of 30 s for ascorbic and benzoic
acids, 90 s for gallic acid and no time for kojic acid were fixed
between each volume addition. The observed current value at
the corresponding time was then plotted against the inhibitor
concentration and a linear calibration graph was obtained
according to the different data treatments developed for each
acid (see below in the Results and Discussion section).

Detection of inhibitory capacity of fruit-based juices and teas

Commercial fruit-based juices were analyzed as purchased
without any pre-treatment. The standard addition method was
applied as follows. After the catechol biosensor reached a con-
stant current signal in 25 mL of 4 x 10~> M catechol in PBS at
PpH 6.5, a volume of 25 pl of the corresponding juice was added
and then 25 pl of the 0.01 M ascorbic acid solution by 4 times,
waiting a fixed time of 30 s between each addition. The inhibi-
tory capacity of each juice expressed as ascorbic acid concen-
tration was calculated from the fitting of the log AI (logarith-
mic current increment, I — I,) versus log Cy, where Cy is the
total ascorbic acid concentration (considering additions) in
the solution.

In the case of the tea samples, 1.5 g of the corresponding
leaf powder was used for the extraction procedure in 50 mL of
deionized water. This was accomplished in a microwave oven
at 800 W for 1 min. Subsequently, the tea was left in a closed
beaker for 5 min to avoid any type of evaporation and/or con-
tamination and then diluted to a final volume of 50 mL with
deionized water. The standard addition method was applied as
follows. After the catechol biosensor reached a constant
current signal in 25 mL of 4 x 10~* M catechol in PBS at pH
6.5, a volume of 100 pl of the corresponding tea was added
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and then 50 pl of the 0.01 M gallic acid solution by 4 times,
waiting a fixed time of 90 s between each addition. The inhibi-
tory capacity of each tea expressed as gallic acid concentration
was calculated from the plot of the accumulative signal (A.S.)
against the added gallic acid concentration. All the tea
samples were additionally analyzed by the Folin-Ciocalteu
method in order to calculate the total amount of polyphenols,
according to the procedure reported elsewhere.*’

Detection of the ‘total depigmenting efficacy’ in cosmetic
products

Ampoules for the treatment of skin blemishes without any
kind of pre-treatment were analyzed by the standard addition
method described as follows. After the catechol biosensor
reached a constant current signal in 25 mL of 4 x 10™* M cate-
chol in PBS at pH 6.5, a volume of 200 pl of the ampoule was
added and then 10, 10, 10 and 15 pl of the 0.01 M kojic acid
solution, waiting a fixed time of 60 s between each addition.
The ‘total depigmenting efficacy’ in the ampoule expressed as
kojic acid concentration was calculated from the plot of the A.
S. versus the added kojic acid concentration.

Results and discussion
Evaluation of the response of the biosensor towards catechol

The influence of the applied potential on the biosensor
response was studied by using a potential window from 0.2 V
to —0.5 V every 0.1 V. For this purpose, the biosensor was
based on a paste comprising lyophilized vegetal tissue
(60-250 pm of particle size) and vegetal tissue/graphite in 1:5
weight ratio. The experiment consisted of registering the
current in both PBS at pH 6.5 and then 4 x 10~> M catechol
solution during the application of different potentials. Fig. 1a
shows the values for the steady-state current in these two solu-
tions, together with the corresponding difference. As observed,
the current in PBS displays low values in the potential window
from 0.2 V to —0.2 V, from which the current increases up to a
relatively high value at —0.5 V.

The difference of the current acquired in PBS and the cate-
chol solution is purely associated with the reduction of the
quinone generated in the catechol oxidation by the dissolved
O, in the solution, which is in turn catalyzed by the enzyme
that is immobilized on the electrode surface (i.e. tyrosinase).
In this case, the potential window at which the acquired
current does not experience any change, considering the curve
with the difference between the PBS and the catechol solution,
is from 0.0 V to —0.3 V. Thus, a potential of —0.1 V, which is in
within this range, was selected for further studies.

Aiming at confirming that the observed current is related to
the presence of quinone uniquely formed in the enzymatic
catechol oxidation at the biosensor surface, therefore discard-
ing the influence of any side reaction (such as the non-cata-
lyzed quinone formation) as well as any contamination (e.g
quinone traces already present in the catechol solution), the
same experiment was accomplished using an electrode com-
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Fig. 1 Influence of (a) the applied potential and (b) paste composition
and particle size on the recorded current.

prising only graphite paste and no vegetal tissue. Thus, the
same curves (current versus potential) were obtained in the
absence and presence of catechol (data not shown). It is hence
concluded that, in the presence of the vegetal tissue, the
observed current originates from the reduction of the quinone
that is only produced in the catechol oxidation process cata-
lyzed by the lyophilized tissue enzyme in the biosensor, as
depicted in Fig. 2.

Fig. 1b presents the plots for the current at increasing cate-
chol concentrations with an applied potential of —0.1 V for
biosensors based on different compositions of the vegetal

OH O
OH O
TYROSINASE
12 0, H,O
CATECHOL QUINONE

Fig. 2 Illustration of the response mechanism of the biosensor.
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Table 1 Calibration parameters observed in the linear range of

response with electrodes prepared with pastes of different compositions
and particle size of the vegetal tissue

Particle  Tissue/graphite Slope

size (um)  (wt. ratio) (RAM™) x10* LRR (M) r
60-250  1:5 -1.26 4x107°-8x10™" 0.993
60-250  1:10 —0.47 4x107°-4%x10"* 0.995
250-420 1:5 -1.51 4x107°-6 %107 0.991
250-420 1:10 —0.60 4x107°-4%x10"* 0.993

tissue/graphite (1:10 and 1:5) paste as well as the particle
size of the tissue (60-250 and 250-420 pm). In addition,
Table 1 collects the tested compositions with the corres-
ponding fitting parameters along the linear range of response
(LRR). The sensitivity (i.e. slope) improved for the mixtures
based on a higher content in the vegetal tissue. However, when
the tissue amount was increased even more (up to 1:2), no
response was observed at increasing catechol concentrations,
likely due to the low content in the electrical conductor as a
result of reducing the graphite amount. Therefore, a ratio of
1:5 was selected for further studies. On the other hand, the
particle size did not really influence the response of the bio-
sensors based on this ratio and therefore, a size of 60-250 pm
was used further on.

The response of the biosensor for increasing concentrations
of catechol at an applied potential of —0.1 V is shown in
Fig. 3a. In this experiment, the concentration of catechol was
changed in PBS background (pH of 6.5) from 4 x 107> to 4 x
10~ M concentrations. The absolute value of the recorded
current increases after each catechol addition and reaches a
near steady-state value after 30 s. For the construction of the
calibration graph (catechol concentration versus current), final
values for the current achieved after having increased the cate-
chol concentration were plotted against the total concentration
of catechol. This was selected as the criteria for the analytical
signal rather than waiting for the steady-state of the signal in
order to reduce the analysis time.

As observed in Fig. 3b (inset), the recorded current obeys
linearity from 4 x 107> to 8 x 10™* M catechol concentration,
and the fitted curve is as follows:

I(pA) = (—0.68 + 0.18) — {(1.26 + 0.04) [ccarecnoL X 10*(M)] }
with 7* = 0.993

(1)

In contrast, from 8 x 10~* M catechol concentration, the
recorded current gradually tends to reach a constant value,
with the entire current versus concentration curve approaching
a definition by the Michaelis—-Menten equation as follows:

I = ImaxCoatecroL/Kwm + coatecHoL (2)

where traditional initial and maximum rates (V, and Viax,
respectively) are substituted by the current recorded at each
concentration (dubbed I) and the maximum current reached
(Imax)- Eqn (2), which corresponds to a single substrate, can be

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Calibration graph under the optimized conditions (applied
potential of —0.1 V and 1:5 tissue/graphite wt. composition with the
particle size of the tissue of 60—-250 pm for the composition of the elec-
trode material): (a) Recorded dynamic current and (b) corresponding
calibration curve. The entire calibration graph was fitted to the
Michaelis—Menten equation while the concentration range between 4 x
107° and 8 x 10~ M comprises the linear range of response of the bio-
sensor (inset plot).

used here under traditional considerations regarding the
values of dissolved oxygen concentration and oxygen kinetic
constant to be neglected.’®*” Thus, when the data shown in
Fig. 3b are fitted to Eqn (2) (* = 0.995), the value for the con-
stant Ky, is calculated to be (7.1 + 0.5) x 107* M and (20.1 +
0.5) pA for I, Interestingly, the value obtained for Ky, in our
system is similar to the value reported with the pure enzyme in
solution.?®

Concerning the range in which the current response is
linear for increasing catechol concentrations (Fig. 3b, inset),
this may be used as a calibration graph towards the analytical
application of the developed biosensor in real samples. The
limit of detection of the biosensor was calculated to be 7 x
107° M catechol concentration, which was obtained as the con-
centration for which the response is equal to three times the
standard deviation of the response of the biosensor in PBS
(pH = 6.5).

The lifetime of the paste as well as the repeatability and
reproducibility of the calibration parameters was subsequently

This journal is © The Royal Society of Chemistry 2020
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evaluated. Thus, the calibration graph of the biosensor at
increasing catechol concentrations was recorded under
different conditions: (i) when the paste used for the prepa-
ration of the sensor was stored at different temperatures (room
temperature of 22 °C, in the fridge at 4 °C and in the freezer at
—18 °C), (ii) three consecutive calibration graphs using the
same electrode, (iii) reproducibility of the electrode response
using the same paste batch over 15 days from its preparation
and (iv) two sensors prepared with different batches of vegetal
tissue.

With the paste stored for 1 day at 22 °C, 4 °C and —18 °C,
three electrodes were prepared according to the procedure
described in the Experimental section and the calibration
graphs were obtained for comparison. The slopes observed
within the linear range of response were —1.10, —1.11 and
—0.78 x 10* pA mol™ L™" for stored pastes at 22 °C, 4 °C and
—18 °C, respectively. While the paste stored in a protected
environment at room temperature and in the fridge responds
in a similar way, the electrode based on the paste stored in the
freezer displayed a significantly lower sensitivity. This is likely
due to the fact that the freezing/thawing process affects the
entire structure of the vegetal tissue and therefore, the enzy-
matic activity. On the other hand, when the paste was stored
in the fridge for more than 3 months, this still presented the
same response to catechol (data not shown).

Regarding the response repeatability (3 consecutive calibra-
tions using the same electrode), the initial baseline of the bio-
sensor experienced a slight decrease with consecutive uses. If
this shift is corrected, and therefore an increment in current
with respect to the baseline is considered, the three curves
obtained at increasing catechol concentrations are overlapped
and the portions for the linear response are very similar. Thus,
the variation coefficient for the slopes was ca. 3.5%, with
exactly the same linear range of response (4 x 107°-8 x 10~* M)
and limit of detection (7 x 10~° M), displaying excellent repeat-
ability. In addition, the variation for the 3 replicate measure-
ments of 5 x 10~> M catechol solution was + 2.9%.

Despite the repeatability of the biosensor response to cate-
chol being excellent, this slightly deteriorated in subsequent
days although different storages were tried (i.e. protected
environment at room temperature or in the fridge, as the
storage used for the paste). Accordingly, the use of freshly pre-
pared electrodes is convenient. However, the same active paste
can be used over time after its preparation. The variation
coefficient of the slope in the linear range of response of
different biosensors prepared with the same paste over 15 days
after its preparation was ca. 5.5%, while rather maintaining
the linear range of response. This manifests the disposable
nature of the sensor, which is not a big drawback at all owing
to its easy and fast preparation as well as the use of sustainable
materials (i.e. the mushroom tissue). On the other hand, as
the paste can be stored for long time, the same batch for the
vegetal tissue is available for the preparation of many twin
electrodes (in the scale of hundreds of electrodes, depending
on the processed initial amount). Notably, the loss of the bio-
sensor response seems to be associated with its consecutive

Analyst, 2020, 145, 3645-3655 | 3649
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use, i.e. with the gradual depletion of the enzyme in the tissue,
rather than its deterioration.

Two different batches of vegetal tissue (i.e. they were pur-
chased in a local supermarket two different days) were also
evaluated. Interestingly, a variation of 12% between the slopes
of the linear range of response displayed for each one and
practically the same linear range was found. This points out
that the tyrosinase activity in each batch is slightly different,
affecting more the sensitivity than the linear range of response
and limit of detection of the biosensor. For all the experiments
accomplished in the present paper, the vegetal tissue showing
a higher sensitivity was exclusively used.

Overall, the analytical features provided for the developed
biosensor are comparable to those reported for other bio-
sensors based on tyrosinase, with the advantage of presenting
herein a wide range of applications (see next Sections).
Seemingly, after inspecting several papers reported in the last
few years, different methods for the fabrication of the bio-
sensor provided very similar analytical performances (Table 2).
Thus, the limit of detection and linear range of responses were
reported in the range of micromolar catechol concentration,
with the exception of some biosensors prepared on the basis
of nanoparticles. In particular, the group of Pingarron
reported on two different biosensors prepared with polyfunc-
tionalized gold nanoparticles with crosslinked tyrosinase as
well as Fe;O, nanoparticles modified with cyclodextrins and
with the tyrosinase immobilized by supramolecular inter-
action; both presented an impressive limit of detection of 20
nM.”® However, no analytical applications were reported for
such sensors.

Evaluation of the response of the catechol biosensor in the
presence of benzoic acid, ascorbic acid, gallic acid and kojic
acid

Once the analytical performance of the developed biosensor
was characterized, we subsequently studied its response
towards catechol in the presence of four compounds that
modify the biosensor response by influencing any of the reac-
tions there involved: benzoic acid, gallic acid and kojic acid as
inhibitors of the enzymatic reaction and ascorbic acid redu-
cing the formed quinone (see Fig. 2). It is expected that, in the
presence of higher amounts of the inhibitor (or compound)
under study, the enzymatic reaction occurs in a lesser extent
and, as a result, the current provided by the biosensor gradu-
ally decreases.

In this sense, Fig. 4 depicts the dynamic current displayed
by the biosensor in PBS, then for 4 x 107 M catechol and with
the subsequent addition of increasing inhibitor concentration.
As observed, the magnitude of the absolute dynamic current
gradually decreased with the concentration of the inhibitor for
all those tested. Then, the profiles for the current change in
the form of I — I, (i.e. absolute current change with respect to
the current registered in the absence of any inhibitor of the
biosensor response, i.e. base line) versus the added inhibitor
concentration are shown in Fig. 5.
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Table 2
tyrosinase

Description of catechol biosensors based on commercial

Analytical

Description Performances Applications Ref.

MWCNTs/Nafion/Tyr
nanobiocomposite

S=346 ApM~"  — 1
LRR =1-23 uM

LOD = 0.22 uM

tresponse < 8 S

I(m,app =26 HM

§”=0.27 nA — 2
M
LRR" =
10-60 uM
Graphite/Epoxy/Tyr —
biocomposite

Tyr/PEDOT composite”

ANN for 9
phenolic
compounds
Catechol in fruit 5
wines

S =37.45 pA
(mMem™)~!
LRR = 1-60 pM
LOD = 1.8 uM
Imax = 0.223 pA
K., = 0.070 mM
S=0.026 pA — 6
pM!

LRR =

6.0-46.0 uM

LOD = 0.852 uM

Lifetime = 25

days

S=1.94AM™" — 8
cm?

LRR =50 nM-

10 uM

LOD =20 nM

Lifetime = 16

days

Km =21.9 pM

Imax = 505 NA

S=12mAM™ — 7
LRR =100 nM-

12 pM

LOD =22 nM

Km =74 pM

Imax =141 IJA

PPy encapsulation®

AuNPs-SiPy Cl~/
TLA-SAM/HRP

Polyfuntionalized Au-
NPs/crosslinked Tyr

Fe;0, NPs/CD/Tyr’

“ prepared with sinusoidal voltages. ” For dopamine/catechol mixtures.
¢ Biosynthesized polyphenol oxidase extract. ¢ 3-n-Propylpyridinium sil-
sesquioxane chloride, thiolactic acid self-assembled monolayer, horse-
radish peroxidase. ¢ Supramolecular immobilization. Tyr = tyrosinase;
PEDOT = poly(3,4-ethylenedioxythiophene); LRR = linear range of
response; LOD = limit of detection; S = sensitivity; Zresponse = response
time; PPy = polypyrrole; NPs = nanoparticles; CD = cyclodextrin.

Importantly, in the case of ascorbic acid, the current dis-
played by the biosensor evolved to a constant value after every
increase of the inhibitor concentration in the solution in a
faster way than the rest of the inhibitors. This is likely
explained by the fact that ascorbic acid is not a true inhibitor
of the enzymatic reaction. Instead, it acts by re-reducing the
quinone formed in the enzymatic reaction.

For all the tested inhibitors, the absolute current differently
increased at increasing concentrations follows the Michaelis-
Menten equation in the well-known form for inhibited (revers-
ible) reactions.® The fitting parameters K;*" and I, were (5.9
+0.5) x 107" and 4.0 + 0.1 for benzoic acid, (7.1 + 0.6) x 107>
and 3.0 = 0.1 for ascorbic acid, (4.3 + 0.4) x 10™* and 6.5 + 0.3

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Dynamic response of the sensors at a fixed concentration of catechol (4 x 10~* M) and gradually increasing the inhibitor concentration in
the solution: (a) benzoic acid, (b) ascorbic acid, (c) gallic acid, and (d) kojic acid.
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Fig. 5 Plot of the absolute current change for increasing concentrations of the inhibitors in the presence of 4 x 10~ M catechol concentration in
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for gallic acid and finally, (1.6 + 0.1) x 10> and 5.4 + 0.1 for
kojic acid. From an analytical point of view considering the
developed biosensor for the determination of these inhibitors
in real samples, the fitting of the data to the Michaelis—
Menten equation is evidently not appropriate and therefore,
we further searched for different data processing to reach line-
arity as the basis of the analytical calibration graph.

Protocols for the linearization of the biosensor response in the
presence of ascorbic, gallic and kojic acids

In the case of ascorbic acid, we found an excellent agreement
of the raw data with the empirical function of the type y = ax”
(Fig. 6a). As a result, rather good linearity along the entire
tested inhibitor concentration range (4.0 x 107°-4.0 x 10™* M,
7 = 0.996) was obtained by considering logarithmic I — I, (Al)
versus logarithmic inhibitor concentration, as presented in
Fig. 6b. This straight line may be considered as the calibration
graph for the analytical detection of ascorbic acid in real
samples within this wide concentration range. Indeed, the cali-
bration parameters presented excellent repeatability log Al =
(1.76 £ 0.07) + [(0.62 = 0.01)-l0og cas] (n = 3 biosensors) and
reproducibility log AI=(1.75 + 0.04) + [(0.61 + 0.01)-10g cas] (7 =
3 calibration graphs over a week of operation).

For gallic and kojic acids, the treatment proposed for the
observed current signal was different. Essentially, this con-
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Fig. 6 (a) Plot of the absolute current change for increasing concen-
tration of ascorbic acid in the presence of 4 x 10~> M catechol concen-
tration. (b) Calibration graph after data linearization.
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siders that the maximum change possible for the signal gradu-
ally decreases with the consecutive additions of inhibitor, as
illustrated in Fig. 7a for the case of gallic acid. This maximum
change was calculated from the current corresponding to the
baseline of the biosensor in PBS (Iz;) and the current dis-
played as a consequence of the presence of catechol in the
sample, which was gradually decreasing from I, to I; (with ¢
from 1 to n) after each inhibitor addition. Because the bio-
sensor signal changes after each inhibitor addition (in a mag-
nitude equal to AI,), the maximum A7 reached after each inhi-
bition addition gradually decreases, as illustrated in Fig. 7a.
This allows one to calculate a correction for the biosensor
signal, called ‘accumulative signal’ (A.S.), as follows:

n
ACCUMULATIVE SIGNAL(A.S.) = » _ Al /(maximum AI), (3)
i=0
This new parameter leads to the calibration graph shown in
Fig. 7b for gallic acid. An excellent linear fitting was observed
(r* = 0.9996), and it was kept along the entire concentration
range (from 2.0 x 107° to 4.6 x 10~* M) tested for the inhibitor.
The repeatability and between-electrode reproducibility (n = 3
over a 3-month period) were also evaluated, and the observed
calibration was A.S. = (—0.9 + 2.3) + (25.5  1.6)-Cganic(M % 10")
and A.S. = (0.1 + 1.1) + (23.6 + 1.6) -Cganic(M x 10%), respectively,
confirming excellent performance.
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Fig. 7 (a) Recorded current response for increasing gallic acid concen-
tration and the description of the parameters used for calculation of the
accumulative signal. (c) Calibration graph obtained after linearization.
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Considering now the data acquired for the kojic acid, one
extra step was introduced in the signal treatment seeking for
the best linear range of response. While for the ascorbic and
gallic acids the analytical signal was considered at a fixed time
of 30 and 90 s, respectively, for kojic acid (slow inhibitor) we
decided to evaluate a different data treatment in which the
experimental dynamic response is fitted to an appropriate
equation and then, the extrapolated currents at ¢ = co are used
for the construction of the calibration graph. This treatment
serves for a double purpose. First, it avoids the need for using
a fixed recording time for the current after each analyte
addition. And second, for slow inhibitors, it permits consider-
ably reducing the recording time by using recorded signals
very far from steady-state currents.

The I-t signals observed at increasing concentrations of
kojic acid were then fitted using the following equation:

I=1Io+ae™™ (4)

where I, is the current signal displayed by the sensor at ¢ = co.
Importantly, the dynamic response of the biosensor for each
subsequent addition of kojic acid presented an excellent
fitting to this equation (see Fig. 8a). As can be seen in Fig. 8a,
very different times ranging between 80 and 200 s were used.
Once the current signal was extrapolated to ¢ = oo, the treat-
ment was exactly the same as for the gallic acid, thus obtaining
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Fig. 8 (a) Recorded current response for increasing kojic acid concen-
tration (black) and the corresponding extrapolated fitted curves (dashed
blue line). (b) Calibration graph observed after linearization.
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the accumulative signal (A.S.) at each inhibitor concentration
(Fig. 8a).

Fig. 8b depicts the A.S. against the kojic acid concentration,
displaying a good linearity (> = 0.994) in the range from 4 x
107° to 7 x 107> M. The repeatability (n = 3) of the calibration
parameters was found to be excellent: A.S. = (0.14 + 0.03) +
(0.28 + 0.01)-ciojic(M x 10°). This pointed out that the same
electrode may be suitable to be consecutively used when
dealing with the analysis of real samples. Furthermore, rather
good results were obtained in reproducibility for several elec-
trodes studies over a period of 3 months: A.S. = (0.12 + 0.03) +
(0.29 £ 0.04)-Ciojic(M x 10°).

Analytical applications

The catechol biosensor was firstly applied to the determination
of the total inhibitory capacity expressed as ascorbic acid con-
centration (g L") in different commercial juices. This capacity
is due to all the compounds present in the sample capable of
influencing the reactions underlying the biosensor ampero-
metric response. For this purpose, the standard addition
method was applied as described in the Experimental section.

The obtained values are collected in Table 3. In all the
samples, the values gathered by the developed biosensor were
much higher than the ascorbic acid content labeled by the
manufacturer. This may be due to the presence of other com-
pounds in the juices that contribute to the total inhibitory
capacity. Also, since the commercial juices are enriched in
ascorbic acid, the labeled value in the beverage could mean
the added amount instead of the total.

The total inhibitory capacity expressed as gallic acid in
different kinds of teas was also obtained. The standard
addition method was applied according to the protocol
described in the Experimental section. This time, the linearity
of the current signal recorded at the increasing additions of
gallic acid to the corresponding sample was reached by plot-
ting the accumulative signal versus the added concentration.

Table 4 presents the total biosensor inhibitory capacity of
the different tea samples expressed as gallic acid together with

Table 3 Inhibitory capacity of commercial juices expressed as ascorbic
acid
Inhibitory Labelled
Juice capacity” (g L™ ascorbic acid)
Orange 0.82 £ 0.04 0.44
Pineapple 0.76 £ 0.04 0.4
Peach 0.44 + 0.04 0.2
Apple 0.19 £ 0.04 —
Red grape, redcurrant and 1.25+0.09 —
pomegranate
Peach and grape 0.47 +0.09 0.24
Carrot and orange 0.30 £ 0.03 0.32
Apple, kiwi and lime 0.24 +0.01 —
Pear and apple 0.48 £ 0.05 0.2
Apple and mango 0.61 +0.02 0.4
Red fruits and acerola 1.58 +0.11 0.12

“Expressed as g L™" ascorbic acid. Mean + standard deviation (1 = 3).
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Table 4 Total inhibitory capacity and total polyphenol content of infu-
sions from different commercial tea leaf powders

Tea
Biosensor Folin-Ciocalteu
(inhibitory capacity)® (total polyphenols)”
White 0.92 + 0.07 1.20 £ 0.06
Black 0.54 + 0.05 0.88 + 0.05
Red 0.38 + 0.02 non detected
Green 1.62 £ 0.05 1.65 £ 0.03

“Expressed as g L' gallic acid. Mean + standard deviation (n = 3).

the total amount of polyphenol content obtained by the well-
established Folin-Ciocalteu method also expressed as gallic
acid. Interestingly, the inhibitory capacity followed this order:
green > white > black > red. Similar inhibitory capacity and
total polyphenol content were found for green tea, while lower
inhibitory capacity than total polyphenols was found for white
and black teas. This may be because not all polyphenols
present in the teas contribute to the inhibitory capacity to the
same extent.

Finally, we obtained the ‘total depigmenting efficacy’ in one
cosmetic product. The application of the biosensor for this
purpose is very interesting due to the high demand of this type
of cosmetics in the market, as depigmenting cosmetics help in
the treatment of skin hyperpigmentation. Notably, its compo-
sition traditionally includes species such as arbutin, ferulic
acid, ascorbic acid and kojic acid among others.*

The ‘total depigmenting efficacy’ is herein presented as the
kojic acid concentration expressed in mg L~" for a commercial
ampoule with the mentioned characteristics. Thus, the
ampoule was analysed following the procedure described in
the Experimental section, providing a value of 24.5 + 1.11 mg
L' (n = 3) for the ‘total depigmenting efficacy’.

Conclusions

Powder lyophilised mushrooms are an excellent and low-cost
material for the preparation of polyphenol oxidase-based
amperometric electrodes. Importantly, no lyophilisation pro-
tector is necessary because this sustainable material keeps its
enzymatic activity over years just by storing it in a refrigerator.
The carbon paste prepared with this enzymatically active
vegetal tissue is also rather stable and provides reproducible
electrodes for the determination of the substrate catechol and
of other compounds influencing the reactions underlying the
amperometric response: reversible competitive inhibitors,
rapid (benzoic acid) and slow (kojic acid), alternative sub-
strates as inhibitors (gallic acid) and quinone reductants
(ascorbic acid). Signal processing innovations presented
expand the concentration range of linear calibration, avoid the
need for using a fixed recording time and permit reducing it
considerably. The biosensors are suitable for the analysis of
juices, wines and cosmetics.
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