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Sustainable amperometric biosensor for the analysis of ascorbic,
benzoic, gallic and kojic acids through catechol detection.
Innovation and signal processing

Ana Casanova,®t Maria Cuartero,*® Yolanda Alacid,® Carmen M2 Almagro,® Francisco Garcia
Canovas,® Maria Soledad Garcia,? Joaquin A. Ortuno*?

In this work, we present a new catechol amperometric biosensor fabricated on the basis of naturally available enzyme 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 catalyzed by tyrosinase enzyme. The new catechol biosensor
has demonstrated excellent analytical performances at increasing catechol concentrations in the sample solution, which
includes superior between-electrode reproducibility and long-term stability. On top of that, the biosensing element used in
the fabrication is a sustainable material, low-cost and presents an excellent lifetime of years. Whether the catechol biosensor
is operating in the presence of a compound influencing the reactions underlaying the amperometric response (such as
ascorbic, benzoic, gallic and kojic acids), this serves as an analytical platform to detect these compunds in real samples.
Particularly, we introduce herein for the first time different treatments to process the current signal of the biosensor
pursuing the linearity needed for the analytical application in real samples. In this sense, the catechol biosensor has been

successfully applied to the detection of benzoic, gallic and kojic acids in juices, teas and a cosmetic product, respectively.

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
reaction in which the sensor is based. Specifically, biosensors
based on polyphenol oxidase (also called as tyrosinase) allows
for the determination 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).10-13

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 immobilization
may in turn comprise different grades of complexity.
Furthermore, commercially available enzymes are traditionally
used despite being rather expensive. As a result, the entire
processing and immobilization of the enzyme cause that the
preparation of the biosensor is often considered as complex,
expensive, time-consuming and risky to present a shortcoming
that impedes/retrogress the optimal analytical functioning.
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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 on the required enzymes were introduced some years
ago.1%21 particularly, it is well-known that common mushrooms
are very rich on 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, lyophilization process is well-
entrenched and worldwide utilized, especially in the
enzymological and food fields.

In recent years, it has been observed that stability and final
activity of freeze-dried materials critically depends on how the
entire approach is performed.22-2> Essentially, this is based on
different freezing and drying stresses, such as solute
concentration, 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.2> 24

As an alternative to the use of commercially available
(purified) enzymes and to fresh bio-tissues, we report herein a
catechol biosensor based on mushroom lyophilized powder as
the enzymatically active core of the biosensor. Despite being
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promising, 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 certain
inhibitors of the biosensor response to catechol (i.e. ascorbic,
benzoic, gallic and kojic acids) is explored, being this important
in the analysis of real samples such as beverages and cosmetic
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 showing a low catalytic
constant,?” 28 therefore generally considered as an inhibitor.?°
Indeed, there are many substrates and inhibitors of the
tyrosinase enzyme and therefore, the applicability possibilities
for the developed catechol biosensor are really wide.3% 31 One
of us, has indeed been involved in numerous investigations
concerning tyrosinase enzyme and notably participated in the
development and tuning of a test for the discrimination
between alternative substrates (i.e. compounds different than
catechol that are also substrate of the tyrosinase) and
inhibitors.3?

Tyrosinase-based biosensors have been extensively reported
for the detection of benzoic acid,%13 whereas we have found
only one paper related to the detection of kojic acid.3® While
both (benzoic and kojic acids) are competitive and reversible
inhibitors, it is known that the kinetic 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,
up to date and as far as we know, all the biosensors reported
for the detection of ascorbic acid are based on the ascorbate
oxidase enzyme3* and none has been reported for the
determination 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 (299.5%),
benzoic acid (299.5%), L-ascorbic acid (299.7%), gallic acid
monohydrate (298%), kojic acid (299.5%), synthetic graphite
powder (< 20 um), potassium dihydrogen phosphate (299%)
and sodium hydroxide (>298%) were purchased in Panreac.
Mineral oil and Folin-Ciocalteu reagent were acquired in Sigma-
Aldrich. Mushroom (Agaricus bisporus) already laminated and
all the analyzed beverages and products were provided by a
local supplier. Phosphate buffer solution (PBS) at pH 6.5 was
prepared at 0.05 M concentration. Standard solutions of
catechol (0.1 M), L-ascorbic acid (0.01 M), benzoic acid (0.01 M)

2| J. Name., 2012, 00, 1-3

and gallic acid (0.01 M) were prepared in PBS background-and
storage in the fridge at 4 °C. DOI: 10.1039/C9AN02523E

For the amperometric measurements, a potentiostat that was
in-house fabricated at the University of Murcia, CHI220 Cell
Stand (1) Cambria Scientific) coupled to a regular beaker, CHI111
Ag/AgCl reference electrode (3 M KCl inner solution, 1) Cambria
Scientific) and CHI115 platinum wire counter electrode (lJ
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. Freeze dryer (ALPHA 1-2 LDplus, Christ,
Germany), manual grinder (A505 2HF, Moulinex, France),
vacuum packed (Boxer 35, Henkelman, The Netherlands),
microwave (LG), spectrophotometer (Thermo Spectronic
Unicam UV-510 UV-Visible), stirrer (F203A0161, Velp
Scientifica, Italy), pH-meter (pH & ION-Meter GLP +22, Crison,
Spain), agate mortar (01442-AB, Spi Supplies, China) and sieve
(Filtra vibracion S.L., Spain) were also utilized.

Preparation of the lyophilized mushroom powder

The mushroom was acquired in a local shop in the laminated
format and the lyophilization process was carried out at the
‘Seccidén de Investigacién 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 during 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 mushroom was 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 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 storage in PBS at pH 6.5 over its use to maximize its lifetime.

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
constant 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, i.e., coinciding with the response
time of the biosensor.

This journal is © The Royal Society of Chemistry 20xx
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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 4x10* M
catechol in PBS at pH 6.5 until a constant current value was
reached. In the case of ascorbic acid, two different
concentrations were used: 4x10* M (for comparison purposes
with the rest of inhibitors) and 4x10°> M as the optimized
concentration 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 was fixed
between each volume addition. Subsequently, the observed
current value at the corresponding time were plot 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
constant current signal in 25 mL of 4x10° M catechol in PBS at
pH 6.5, a volume of 25 pul 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
inhibitory capacity in each juice expressed as ascorbic acid
concentration was calculated from the fitting of the logAl
(logarithmic current increment, I-ly) versus logCy, 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 at
800 W during 1 min. Subsequently, the tea was left in a closed
beaker for 5 min to avoid any type of evaporation and/or
contamination 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 4x10* M catechol in PBS at pH 6.5, a
volume of 100 pl of the corresponding tea was added and then
50 ul of the 0.01 M gallic acid solution by 4 times, waiting a fixed
time of 90 s between each addition. The inhibitory capacity in
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.3>

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

This journal is © The Royal Society of Chemistry 20xx
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reached a constant current signal in 25 mL of 4x10/% W) ¢ateshel
in PBS at pH 6.5, a volume of 200 pl of theQmp oY wWasadded
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
-0.5V every 0.1 V. For this purpose, the biosensor was based on
a paste comprising lyophilized vegetal tissue (60-250 um 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 4x10™ M catechol solution during the
application of different potentials. Figure 1a shows the values
for the steady-state current in these two solutions, 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.
a) INFLUENCE OF THE APPLIED POTENTIAL

6
51 = PBSpH6S5
-o- 0.4 mM CATECHOL
0- DIFFERENCE -4
[e]
-5 | 2
-10 F
< Lo L
= -15 E
204 -2
-25' L _4
_30.
T T T T T T T T -6
-05 -04 -03 -0.2 -0.1 0 0.1 0.2
E./V
b) INFLUENCE OF THE PASTE COMPQOSITION
18
16 }/"/C
144
-~ 60-250 um, 1:10
_ 129 ——250-420 um, 1:10
< 10 250-420 um, 1:5
= -0-60-250 um, 1:5
= 8
G,
4.
2_
0.
0 5 10 15 20 25 30 35 40

CCI\TECHDL/ M x 104
Figure 1. Influence of (a) the applied potential and (b) paste
composition and particle size in the recorded current.

The difference of the current acquired in PBS and the catechol
solution is purely associated to the reduction of the quinone

J. Name., 2013, 00, 1-3 | 3
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generated in the catechol oxidation by the dissolved O, in the
solution, which is in turn catalyzed by the enzyme that is
immobilized in 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 Vto -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
discarding the influence of any side reaction (such as the non-
catalyzed 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
comprising 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 is originated by the reduction of the quinone
that is only produced in the catechol oxidation process
catalyzed by the lyophilized tissue enzyme in the biosensor, as
depicted in Figure 2.

OH o}

OH o}
TYROSINASE

1/2 0, H,0
CATECHOL QUINONE
‘\g(z-jj;—/

Figure 2. |llustration of the response mechanism of the
biosensor.

Figure 1b presents the plots for the current at increasing
catechol concentrations with an applied potential of -0.1 V for
biosensors based on different compositions of the vegetal
tissue/graphite (1:10 and 1:5) paste as well as the particle size
of the tissue (60-250 and 250-420 um). In addition, Table 1
collects the tested compositions with the corresponding 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 biosensors based on
this ratio and therefor, a size of 60-250 um 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 Figure
3a. In this experiment the concentration of catechol was
changed in PBS background (pH of 6.5) from 4x10° to 4x103 M
concentrations. The absolute value of the recorded current

4| J. Name., 2012, 00, 1-3

increases after each catechol addition and reaghes:a. pear
steady-state value after the 30 s. For tHEOE3RIEEIBNBESERE
calibration graph (catechol concentration versus current), final
values for the current achieved after having increased the
catechol 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.

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 size (um) Tiss(uwet{ rE:iz;\ite (u:I:n'?le)xlo“ LRR (M) r?
60-250 1:5 -1.26 4x10°5 — 8x10* 0.993
60-250 1:10 -0.47 4x10°5 — 4x10* 0.995
250-420 1:5 -1.51 4x10°5 — 6x10* 0.991
250-420 1:10 -0.60 4x10°5 — 4x10* 0.993

As observed in Figure 3b (inset), the recorded current obeys
linearity from 4x10> to 8x10* M catechol concentration, and
the fitted curve is as follows:

I(nA) = (—0.68 + 0.18) — {(1.26 + 0.04)[ccarecnorx10*(M)]} with r2=0.993 (1)

In contrast, from 8x10% M catechol concentration, the
recorded current gradually tends to reach a constant value, with
the entire current versus concentration curve approaching to a
definition by the Michaelis-Menten equation as follows:

= ImaxCcATECHOL/K yy +Carrchon (2)
where traditional initial and maximum rates (Vo and Viax
respectively) are substituted by the current recorded at each
concentration (dubbed I) and the maximum current reached (
I'max). Equation 2, which corresponds to a single substrate, can
be used here under traditional considerations regarding the
values of dissolved oxygen concentration and oxygen kinetic
constant to be neglected.3® 37 Thus, when the data showed in
Figure 3b is fitted to the equation 2 (r?=0.995), the value for the
constant Ky, is calculated to be (7.1+0.5)x10* M and (20.1+0.5)
MA for | .. Interestingly, the value obtained for Ky, in our system
is similar to the value reported with the pure enzyme in
solution.38

Concerning the range in which the current response is linear
for increasing catechol concentrations (Figure 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 7x10%
M  catechol
concentration 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 were
subsequently evaluated. Thus, the calibration graph of the
biosensor at increasing catechol concentrations was performed
at different conditions: (i) when the paste used for the
preparation 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

concentration, which was obtained as the

This journal is © The Royal Society of Chemistry 20xx
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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 during 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
x10* uA mol? L for stored pastes at 22 °C, 4 °C and -18 °C,
respectively. While the paste stored in a protected environment
atroom 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 to the entire structure of
the vegetal tissue and therefore, to the enzymatic 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).

a) INCREASING CATECHOL CONCENTRATIONS
18
16

100 150 200 250 300 350 400

TIME /s

b) CALIBRATION CURVE
207757 (uA) at 30 s
181 | — Fitting to Michaelis-Menten
161
144
—121
E 101
— 81

0 50

0123 456 7 89
Ceareeno, { M % 107

0 5 10 15 20 25 30 35 40
CCATECHOL / M X 104

Figure 3. Calibration graph at the optimized conditions (applied
potential of -0.1 V and 1:5 tissue/graphite wt. composition with
particle size of the tissue of 65-250 um for the composition of
the electrode 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 4x10~ and 8x10# M comprises the
linear range of response of the biosensor (inset plot).

This journal is © The Royal Society of Chemistry 20xx
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Regarding the response repeatability (3 \coRsacutive
calibrations using the same electrode), thefhitial bExelint &hehe
biosensor experienced a slight decrease with consecutive uses.
If this shift is corrected, and therefore 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 were ca. 3.5 %, with exactly
the same linear range of response (4x107°-8x10* M) and limit of
detection (7x10°® M), displaying excellent repeatability. In
addition, the variation for the 3 replicate measurements of
5x10-5 M catechol solution was +2.9%.

Despite the repeatability of the biosensor response to
catechol 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
prepared electrodes is convenient. However, the same active
paste can be used over the 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 biosensor response seems to be associated to its
consecutive 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
purchased in the local supermarket two different days) were
also evaluated. Interestingly, it was found a variation of 12%
between the slopes of the linear range of response displayed
for each one and practically the same linear range. This points
out that the tyrosinase activity in each batch is slightly different,
affecting more to the sensitivity that to 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 the higher sensitivity was exclusively used.

Overall, the analytical features provided for the developed
biosensor are comparable to those reported for other
biosensors 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 years, different methods for the fabrication of the
biosensor provided very similar analytical performances (Table
2). Thus, limit of detections 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 polyfunctionalized gold
nanoparticles with crosslinked tyrosinase as well as Fe30,4
nanoparticles modified with cyclodextrins and with the
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tyrosinase immobilized by supramolecular interaction, both
presented an impressive limit of detection of 20 nM.” 8
However, no analytical applications were reported for such

sensors.

Table 2. Description of catechol biosensors based on commercial

tyrosinase.
Description Analytical Applications | Ref
Performances
MWCNTs/Nafion/ S=346 A uM? - 1
Tyr LRR=1-23 pM
nanobiocomposite LOD=0.22 pM
tresponse <8s
Kin,app=26 UM
Tyr/PEDOT Sb=0.27nA pM1 - 2
composite? LRRP=10-60 uM
Graphite/Epoxy/Tyr | — ANN for 9
biocomposite phenolic
compounds
PPy encapsulation® $=37.45 pA/mMcm™! Catechol in 5
LRR= 1-60 pM fruit wines
LOD=1.8 uM
Imax=0.223 pA
K»=0.070 mM
AuNPs- $=0.026 pA pM - 6
SiPy*Cl-/TLA- LRR=6.0-46.0 pM
SAM/HRP¢ LOD=0.852 uM
Lifetime=25 days
Polyfuntionalized S=1.94 A M cm? - 8
Au-NPs/crosslinked LRR=50 nM - 10 uM
Tyr LOD=20 nM
Lifetime=16 days
Kin=21.9 uM
Imax=505 nA
Fe;O, NPs/CD/Tyre S=12 mA M1 - 7
LRR=100 nM -12 uM
LOD=22 nM
Kin=74 uM
lm=1.1 PA

aPrepared with sinusoidal voltages.

bFor dopamine/catechol mixtures.

°Biosynthesized polyphenol oxidase extract.

93-n-propylpyridinium silsesquioxane chloride, thiolactic acid self-assembled
monolayer, horseradish peroxidase.

eSupramolecular immobilization.

Tyr=Tyrosinase; PEDOT=poly(3,4-ethylenedioxythiophene); LRR=Linear range of
response; LOD=Limit of detection; S=Sensitivity; tresponse=response time;
PPy=Polyyrrole; NPs=nanoparticles; CD=cyclodextrine.

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 in any of the
reactions there involved: benzoic acid, gallic acid and kojic acid
as inhibitor of the enzymatic reaction and ascorbic acid reducing
the formed quinone (see Figure 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 gradually
decreases.

In this sense, Figure 4 depicts the dynamic current displayed
by the biosensor in PBS, then for 4x10* M catechol and with the

6 | J. Name., 2012, 00, 1-3

subsequent addition of increasing inhibitor concgntratiQn,.As
observed, the magnitude of the absoRfé layh&EtiieAdarreat
gradually decreased with the concentration of the inhibitor for
all those tested. Then, the profiles for the current change in the
form of I-ly (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 Figure 5.

1 10
4x10° M o
1] cATECHOL,
—Lz25, 8
5
7 7
_ 8 8 g d =6 CATECHOL
< k3
= 6 =5
- T4
4 3l
f
]
2 2 (
f .PB J e
- a) BENZOIC ACID . ) b) ASCORBIC ACID
0
0 100 200 300 400 0 100 200 300 400 500
TIME /
10 .
4x10° M
81 caTECHOL
8
7
E3 £
= =s
— 4
3
1J‘,.PB 21
o c) GALIC ACID ; B d) KOJIC ACID
0 100 200 300 400 500 600 700 800 800 0 400 800 1200 1600
TIME /s TIME / s

Figure 4. Dynamic response of the sensors at a fixed
concentration of catechol (4x10# M) and gradually increasing
the inhibitor concentration in the solution: (a) Benzoic acid, (b)
Ascorbic acid, (c) Gallic acid, (d) Kojic acid.

Importantly, in the case of ascorbic acid, the current displayed
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 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 different
increased at increasing concentrations follows the Michaelis-
Menten equation in the well-known form for inhibited
(reversible) reactions.3® The fitting parameters K7 and Imax
were (5.940.5)x10> and 4.0%0.1 for benzoic acid, (7.1+0.6)x10"
5 and 3.0+0.1 for ascorbic acid, (4.3+0.4)x10* and 6.5%0.3 for
gallic acid an finally, (1.6+0.1)x10° 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 linearity 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 Yy = ax?
(Figure 6a). As a result, rather good linearity along the entire

This journal is © The Royal Society of Chemistry 20xx
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tested inhibitor concentration range (4.0x10¢ — 4.0x10%* M,
r’=0.996) was obtained by considering logarithmic I-ly (Al)
versus logarithmic inhibitor concentration, as presented in
Figure 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
calibration parameters presented excellent repeatability
logAl=(1.76+0.07)+[(0.62+0.01)-logcaa] (N=3 biosensors) and
reproducibility logAl=(1.75+0.04)+[(0.61+0.01)-logcaa] (n=3
calibration graphs over a week of operation).

4.0 3.0
a) BENZOIC ACID 5 b) ASCORBIC ACID
3.5 R
20 //—(r/
=25 ©
i20
— 15
10
0.517 o I(pA)at30s o I(uA)at30s
— Fitting to Michaelis-Menten — Fitting to Michaelis-Menten
0 T T T T T T T 0
0 05 10 15 20 25 30 35 40 0 05 10 15 20 25 30 35 40
Cuieron /M x 107 Cueres /M x 107
35 = 5.0
¢) GALIC ACID d) KOJIC ACID __—©
4.5 e
3.04
4.0
254
< i3.5
= 204 < 3.0
j2s
I 197 20
1.0 15
1.07¢
051 o I{uA)at30s 05 o I(uA)at30s
— Fitting to Michaelis-Menten B — Fitting to Michaelis-Menten
0 0
0 05 10 15 20 25 3.0 35 40 45 50 0 0.2 04 0.6 0.8 1.0 1.2

Cueaaron | M x 107 Curan | M x 10°

Figure 5. Plot of the absolute current change for increasing
concentrations of the inhibitors in the presence of 4x10% M
catechol concentration in PB: (a) Benzoic acid, (b) Ascorbic acid,
(c) Gallic acid, (d) Kojic acid

For gallic and kojic acids, the treatment proposed for the
observed current signal was different. Essentially, this considers
that the maximum change possible for the signal gradually
decreases with the consecutive additions of inhibitor, as
illustrated in Figure 7a for the case of gallic acid. This maximum
change was calculated from the current corresponding to the
baseline of the biosensor in PBS (lg ) and the current displayed
as a consequence of the presence of catechol in the sample,
which was gradually decreasing from Iy to |; (with i from 1 to n)
after each inhibitor addition. Because the biosensor signal
changes after each inhibitor addition (in a magnitude equal to
Al,), the maximum Al reached after each inhibition addition
gradually decreases, as illustrated in Figure 7a. This allows one
to calculate a correction for the biosensor signal, called as
‘accumulative signal’ (A.S.), as follows:

ACCUMULATIVE SIGNAL (A.S) =X _ Aln/(maximum Al),, (3)

This new parameter leads to the calibration graph showed in
Figure 7b for gallic acid. An excellent linear fitting was observed
(r?=0.9996), and it was kept along the entire concentration
range (from 2.0x10° to 4.6x10* 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. = (-0.942.3) + (25.5%1.6) Cgaiic(Mx10%) and

This journal is © The Royal Society of Chemistry 20xx

Analyst

AS. = (0.121.1) + (23.6 + 1.6) -Cunc(Mx10%), \respestively.
confirming excellent performance. DOI: 10.1039/C9AN02523E
0.45
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Figure 6. (a) Plot of the absolute current change for increasing

concentration of ascorbic acid in the presence of 4x10° M
catechol concentration. (b) Calibration graph after data
linearization.

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 responses is fitted to a proper equation
and then, the extrapolated currents at t=eo are used for the
construction of the calibration graph. This treatment serves for
a double purpose. First, it avoids the need of using a fixed
recording time for the current after each analyte addition. And
second, for slow inhibitors, it permits to considerably reduce
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 the following equation:

I=1I,+ae™" (4)
where I is the current signal displayed by the sensor at t=eo.
Importantly, the dynamic response of the biosensor for each
subsequent addition of kojic acid presented an excellent fitting
to this equation (see Figure 8a). As can be seen in Figure 8a, very
different times ranging between 80 and 200 s were used.

Once the current signal was extrapolated to t=eo, the
treatment was exactly the same as for the gallic acid, thus

J. Name., 2013, 00, 1-3 | 7
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obtaining the accumulative signal (A.S.) at each inhibitor
concentration (Figure 8a).

Figure 8b depicts the A.S. against the kojic acid concentration,
displaying a good linearity (r?=0.994) in the range from 4x10° to
7x10° M. The repeatability (n=3) of the calibration parameters
was found to be excellent: AS. = (0.14+0.03) +
(0.28£0.01)-cyojic(Mx10°). 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 between-electrode
reproducibility studies over a period of 3 months: AS. =
(0.12£0.03) + (0.290.04)-Cyojic(Mx105).

12
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Figure 7. (a) Recorded current response for increasing gallic acid
concentration and the description of the parameters used for
calculation of the accumulative signal. (c) Calibration graph
obtained after linearization.

Analytical applications.

The catechol biosensor was firstly applied to the determination
of the total inhibitory capacity expressed as ascorbic acid
concentration (g L?!) in different commercial juices. This
capacity is due to all the compounds present in the sample
capable of influencing the reactions underlaying the biosensor
amperometric 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

8| J. Name., 2012, 00, 1-3

compounds in the juices that contribute to the taota|, inhibitory
capacity. Also, since the commercial jiiegs0dfES9&ntieHzg2h
ascorbic acid, the labeled value in the beverage could mean the
added amount instead of the total.
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Figure 8. (a) Recorded current response for increasing kojic acid
concentration (black) and the corresponding extrapolated fitted
curves (dashed blue line). (b) Calibration graph observed after
linearization.

The total inhibitory capacity expressed as gallic acid in
different kinds of teas was also obtained. The addition standard
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 plotting 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 the
total amount of polyphenols 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
polyphenols content was found for green tea, while lower
inhibitory capacity than total polyphenols were 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.

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Inhibitory capacity in commercial juices expressed as
ascorbic acid.

Juice Inhibitory Labelled (g L*
capacity? 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

aExpressed as g L'! ascorbic acid. Mean + standard deviation (n=3)

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
composition 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’.

Table 4. Total inhibitory capacity and total polyphenol content
of infusions 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

aExpressed as g L gallic acid. Mean + standard deviation (n=3)

Conclusions

Powder lyophilised mushroom is an excellent and low-cost
material for the preparation of polyphenol oxidase-based
amperometric electrodes. Importantly, no lyophilisation
protector 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 compound influencing the reactions
underlaying the amperometric response: reversible competitive
inhibitors, rapid (benzoic acid) and slow (kojic acid), alternative
substrates as inhibitor (gallic acid) and quinone reductants
(ascorbic acid). Signal processing innovations presented expand
concentration range of linear calibration, avoid the need of

This journal is © The Royal Society of Chemistry 20xx
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using a fixed recording time and permit tg. reducs.;it
considerably. The biosensors are suitabf&'fop ¥HE/aralis2 &f
juices, wines and cosmetics.
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