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Multiple scanning electrochemical microscopy mapping of tyrosinase
in micro-contact printed fruit samples on polyvinylidene fluoride
membrane
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A B S T R A C T

Herein, we introduce three orthogonal and compatible methods for detecting tyrosinase, a key factor in
fruit browning and skin disorders, with high spatial resolution by means of scanning electrochemical
microscopy (SECM). All methods are performed subsequently on the same substrate area providing a
wide range of relevant information. The first SECM approach that relies on the mapping of a differential
pore oxygen concentration induced by the local hydrophobic changes that the adsorption of tyrosinase
generates on a porous polyvinylidene fluoride (PVDF) membrane. The second approach is based on the
direct monitoring of the enzymatic activity of tyrosinase by detecting amperometrically the reaction
products from the enzymatic conversion of L-3,4-dihydroxyphenylalanine (L-DOPA). Finally, tyrosinase
was visualized implementing a tyrosinase sandwich immunoassay readout by SECM. The multiple SECM
detection strategies were successfully applied to map unequivocally the tyrosinase enzymatic activity of
a micro-contact printed banana sample. Furthermore, differential pulse voltammetry and mass
spectrometry analyses were employed to elucidate the nature of the electrochemical response obtained
during the tyrosinase enzymatic activity experiments.

ã 2015 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Electrochimica Acta

journa l home page : www.e l sev ier .com/ loca te /e le cta cta
1. Introduction

Tyrosinase is an enzyme known for catalyzing the hydroxyl-
ation of monophenols and their oxidation to the respective
quinones in the presence of oxygen. Furthermore, tyrosinase is
directly involved in fruit ripening, in the biosynthesis of the skin
pigment melanin and in skin disorders such as vitiligo (i.e. skin
depigmentation due to loss of melanin) [1–6]. Therefore, the
accurate and sensitive detection of tyrosinase could offer relevant
information for a better understanding of different tyrosinase-
related biological processes. The latter represents a demanding
task, because tyrosinase, as well as other enzymes, is normally
expressed inside cells or tissues in concentration levels that are
temporally and spatially dependent [7,8]. In proteomics, a common
strategy employed to tackle such situation is based on the
extraction, separation and identification of proteins by using
protein electrophoresis (e.g. isoelectrofocusing (IEF) electrophore-
sis or sodium dodecyl sulfate polyacrylamide gel electrophoresis
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(SDS-PAGE)), protein blotting on a suitable membrane and protein
identification by using different labeling protocols [9]. Among the
different employed membranes for protein blotting and detection,
polyvinylidene fluoride (PVDF) is widely used since it is a highly
hydrophobic and porous support with a superior protein binding
capacity and a remarkable mechanical and chemical stability.
Moreover, PVDF maintains the enzymatic activity of adsorbed
proteins and is compatible with different protein labeling
protocols including the ones based on Coomassie Blue, silver or
gold staining and fluorescent or chemiluminescent dyes [10–16].
Recently, proteins immobilized on PVDF membranes have also
been detected and employed for the visualization of human finger
prints by scanning electrochemical microscopy (SECM) [17]. For
this purpose, silver-staining [11], multi-metal-deposition (MMD)
[18] or benzoquinone-tagging [19] strategies have been success-
fully coupled with SECM for the sensitive and selective spatial
detection of immobilized proteins.

SECM is a scanning probe microscopy (SPM) technique, which is
based on an ultramicroelectrode (UME) scanned in close proximity
to a sample substrate and immersed in a solution containing
redox active species or their precursors [20,21]. The recorded
amperometric current at the UME can be spatially translated into
chemical microscopy mapping of tyrosinase in micro-contact printed
(2015), http://dx.doi.org/10.1016/j.electacta.2015.03.224
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local sample reactivity due to the sample capability to interact
(e.g. through electron transfer reactions) with the present or
generated redox species. In this way, SECM is able to image the
chemical reactivity of almost any interface leading to a broad range
of applications, such as the screening of electrocatalysts, the study
of corrosion processes, the imaging of human fingerprints or the
unraveling of different biological processes at cellular level
[17,19,22–26].

Additionally, SECM enables a highly resolved spatial detection
either in blotted protein separations or in the original samples
based on a specific enzymatic activity or a selective tagged protein.
The latter is not easily achievable by other protein detection
techniques such as colorimetry, fluorescence or chemilumines-
cence due to additionally present interferences caused by sample
color background, oxygen concentration or the presence of
suspended particles in the media (i.e. scattering).

Herein we present three strategies to further extend the
capabilities of SECM as a tool for the detection of adsorbed proteins
on PVDF membranes. First, an indirect SECM protein detection
method based on local oxygen concentration differences encoun-
tered between protein-bound and protein-free PVDF regions was
implemented. Furthermore, the enzymatic activity of tyrosinase
spots immobilized on PVDF membranes was studied. Finally, a
third tyrosinase detection method based on the SECM readout of a
tyrosinase specific immune reaction was also developed. The
realized strategies were consecutively employed over the same
sample region to detect spatially the presence of tyrosinase inside
banana peels after microcontact printing (mCP) on PVDF mem-
branes. Thus, the unequivocal characterization and interpretation
of the enzymatic activity of tyrosinase and other phenol oxidases
on the blotted banana peels were achieved. Finally, differential
pulse voltammetry (DPV) and mass spectrometry (MS) analysis
were performed in order to unravel the origin of the recorded
response when studying the enzymatic activity of tyrosinase by
SECM.

2. Experimental

2.1. Chemicals

Tyrosinase (from mushroom, lyophilized powder, >=1000 unit/
mg solid), L-3,4-dihydroxyphenylalanine (L-DOPA, 99%), monopo-
tassium dihydrogen phosphate, and dipotassium monohydrogen
phosphate were bought from Sigma–Aldrich (Schnelldorf,
Switzerland). Sodium phosphate monobasic (99%), sodium chloride
(99.5%), and potassium chloride (� 99.5%) were obtained from Fluka
(St. Gallen, Switzerland). Methanol (� 99 %) was purchased from
Merck (Dietikon,Switzerland). PVDF membranesforproteinblotting
were purchased from Bio-Rad (Hercules, CA, USA). Commercial
3,30,5,50-tetramethylbenzidine (TMBred) solution was purchased
from an enzyme-linked immunochemistry-based assay kit
(ABRAXIS, Pennsylvania, USA). All reagents and materials were of
analyticalgradeandusedasreceived.Deionizedwaterwasproduced
by a Milli-Q plus 185 model from Millipore (Zug Switzerland).

2.2. Immobilization of protein spots on PVDF membrane

Squared PVDF membranes (ca. 1 cm2) were first wetted in
methanol between 5 to 10 seconds and then transferred to water
for about 1 min. Then, the PVDF membrane was taken from the
water bath and the excess of water was removed carefully with a
filter paper. Afterwards, 0.8 mL of a tyrosinase solution (2 mg/mL)
was deposited on the membrane by using a calibrated 2.5 mL
micropipette (Eppendorf). To avoid the formation of any significant
topographic feature, the tip of the pipette was never in physical
contact with the PVDF membrane during the tyrosinase deposition
Please cite this article in press as: T.-E. Lin, et al., Multiple scanning electro
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process. After deposition, the immobilized tyrosinase spot on the
PVDF membrane was dried under a gentle stream of nitrogen.

2.3. SECM measurements

SECM measurements were carried out using a home-made
SECM and a typical three electrodes setup running under SECMx
software (G. Wittstock, University of Oldenburg) and comprising
an Ivium Compactstat (Ivium Technologies, Netherlands). A
silver wire was used as the quasi-reference electrode (QRE), a
platinum wire as the counter electrode (CE) and a platinum
microelectrode disk (25 mm diameter) as working electrode. All
potentials given herein are referred to the QRE. Before each
experiment, the platinum microelectrode was mechanically
polished with a series of diamond lapping discs starting from
1 mm down to 0.05 mm particle sizes. The quality of the
microelectrode and its RG (i.e. the ratio between the radius of
the insulating glass and the radius of the microelectrode (rT)) were
determined with a Laborlux D optical microscope (Leitz, Germany).
Data analyses were carried out using MIRA software [27]. The PVDF
membrane was fixed on a microscope glass slide and placed on the
bottom of an electrochemical setup that was completed by a Teflon
body that enclosed the sample into a given volume and where the
CE and QRE were placed. Prior to each SECM experiment, a leveling
of the sample surface was achieved by comparing the substrate
height (determined by SECM approach curves) at three corners of
the square area to be scanned. A sample correction angle was
applied by using a motorized tilt table (Zaber, Canada) on which
the electrochemical cell was placed. All experiments were
performed at room temperature (20 � 2 �C).

2.4. Microcontact printed banana on PVDF membrane

A fresh banana cross section (ca. 0.5 mm � 0.5 mm) was cut with
a scalpel blade and washed with deionized water. A PVDF
membrane was prepared as mentioned above and put in contact
with the banana piece for around 1 min (see Fig. S1 in Supporting
Information (SI)). After the PVDF membranewas completely dried, a
solution of 50 mM phosphate buffer (pH = 6.0) was employed for
washing the PVDF membrane, which was then dried again and
placed into the electrochemical cell for the performed experiments.

2.5. Indirect SECM detection of adsorbed proteins on PVDF membrane
by oxygen reduction method

After the tyrosinase spot was immobilized over the PVDF
membrane and placed inside the electrochemical cell, a solution of
50 mM phosphate buffer (pH = 6.0) was added into the system.
Then the Pt microelectrode was biased at an electrode potential
(ET) of –0.8 V to monitor the reduction of oxygen while scanning
the UME closely over the PVDF sample.

2.6. SECM detection of tyrosinase activity immobilized on PVDF
membrane

After the tyrosine spot was deposited on the PVDF membrane, a
solution of 2 mM L-DOPA in 50 mM phosphate buffer (pH = 6.0) was
added to the system inside the electrochemical cell. Then the Pt
microelectrode was scanned close to the sample and biased at 0.7 V
to monitor the tyrosinase activity.

2.7. SECM immunoassay of tyrosinase immobilized on PVDF
membrane

After the immobilization of a tyrosinase spot on a PVDF
membrane, a solution of 1% bovine serum albumin (BSA) in 50 mM
chemical microscopy mapping of tyrosinase in micro-contact printed
(2015), http://dx.doi.org/10.1016/j.electacta.2015.03.224
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phosphate buffer was employed to block the tyrosinase-free
regions on the PVDF membrane. Afterwards, the BSA solution was
removed and a �0.2 mg/mL solution of primary antibody was
added to the system and incubated for 30 min. Then the system
was washed with PBS solution (pH = 7.4). Furthermore, a �0.2 mg/
mL solution of secondary antibody labeled with horse radish
peroxidase (HRP) was added and incubated at room temperature
for another 30 min. Finally, the system was washed 2 times with
the washing solution provided by the commercial kit. The SECM
read-out of the sandwich immunoassay was performed by adding
a commercial solution of TMBred and H2O2, which in presence of
HRP produces TMBox that can be detected amperometrically at the
scanning probe biased at ET = –0.3 V.

3. Results and discussion

3.1. Indirect SECM detection of adsorbed proteins on PVDF membrane
by oxygen reduction method

The location of tyrosinase spots immobilized on a PVDF
membrane was determined indirectly through a so-called oxygen
reduction method [28]. Such strategy is based on the detection of
oxygen at the scanning microelectrode. The concentration of
oxygen in the PVDF membrane pores differs significantly between
the regions with and without adsorbed proteins (Fig. 1a). Such
difference results from the protein adsorption on the surface inside
the pores of the PVDF membrane, which reduces locally the PVDF
hydrophobicity and enables the wetting of the protein-bound
PVDF pores that otherwise remain filled with air. The pore wetting
is most likely caused by the polar groups of the adsorbed proteins
that might be mainly exposed to the center of the pores. As a result,
the concentration of oxygen in the pores filled with air (ca. 274 mg/
L, 25 �C, 1 atm) contrasts with the oxygen concentration in the
pores filled with water (ca. 9 mg/L, 25 �C, 1 atm). Therefore, by
monitoring amperometrically the oxygen concentration at the
scanning probe (by its electrochemical reduction at ET = –0.8 V), a
clear differentiation between the zones without adsorbed proteins
(depicted as higher negative current values or higher normalized
currents (IT)) and with adsorbed proteins (depicted as lower
negative current values or lower IT) can be achieved. Indeed, it has
already been shown that SECM is a powerful tool for the spatial
probing of oxygen in diffusion-limited processes as it has already
been applied for the monitoring of the oxygen transport through
Fig. 1. (a) Schematic representation of the oxygen reduction method for the indirect SEC
over a PVDF membrane with and without adsorbed proteins in a solution of 0.15 M KCl. Exp
translation speed 1 mm/s.
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porous materials, such as cartilages and porous membranes
[29,30].

The main advantage of this concept is that adsorbed protein
spots on PVDF membrane can be imaged indirectly without any
protein labeling procedure or by using redox mediators. Indeed,
proteins are usually visualized by optical techniques based on
protein staining such as silver staining [31], fluorescent dyes [15]
or organic substances [32]. Although those traditional methods are
powerful, they are time consuming and require the use of
expensive dyes. Therefore, developing label free detection
techniques of adsorbed proteins on PVDF membranes is precious.

The SECM approach curves performed on a protein-free PVDF
region with a probe biased at –0.8 V showed a clear increase of IT as
the concentration of O2 surrounding the air-filled PVDF pores is
higher than in solution bulk (Fig. 1b). Accordingly, a current
decrease is observed when the probe was brought to a working
distance (d) closer to the protein-bound PVDF membrane, since the
concentration of O2 (that is equal inside and outside the protein-
bound PVDF pores) is depleted due to its consumption at the
microelectrode and the blocking of O2 diffusion towards the UME
in the gap between the sample and the probe (Fig. 1b). It is
expected that with such methodology a considerable current
contrast between the regions with and without adsorbed proteins
will be achieved, which could compete with the sensitivity of
previous SECM detection techniques of adsorbed proteins
(e.g. silver staining or benzoquinone tagging; see Fig. S2)
[17,19,33]. It is important to note that the formation of reactive
oxygen species (ROS) can take place during the reduction of oxygen
at Pt microelectrodes, as reported elsewhere [28]. Those ROS have
been demonstrated to be able to etch different substrates as
elucidated by the SECM imaging of the affected areas. In the
studied system, it is otherwise less likely that ROS play a major role
on the observed signal since the presence of scavengers (e.g. L-
DOPA) in the media and the use of a highly stable substrate such as
a PVDF membrane reduces certainly such possibility [34–37].

3.2. Tyrosinase enzymatic activity detection by SECM.

To detect the enzymatic activity of an adsorbed tyrosinase spot
on PVDF membrane, a 2 mM solution of L-DOPA (i.e. a natural
tyrosinase substrate) in buffer phosphate (50 mM, pH = 6.5) was
added to the system. Fig. S3a shows a cyclic voltammogram (CV) of
L-DOPA where an almost steady-state signal is recorded for its
M detection of adsorbed proteins on PVDF membranes. (b) SECM approach curves
erimental conditions: RG was between 3 to 4. ET = –0.8 V, step size 0.5 mm and probe

chemical microscopy mapping of tyrosinase in micro-contact printed
(2015), http://dx.doi.org/10.1016/j.electacta.2015.03.224
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electrochemical oxidation to dopaquinone. The slight tilt on the
observed signal can be explained by electrode fouling taking place
during the oxidation of L-DOPA at the Pt microelectrode. Indeed, if a
CV is taken after 2.5 h of applying a potential of 0.7 V in the same
solution, a clear decrease of the current is obtained (see Fig. S4a).
To avoid such passivation during the SECM experiments, an
electrochemical cleaning procedure based on biasing the micro-
electrode at –0.8 V for some seconds before applying again the
oxidation potential of L-DOPA was implemented [38]. As it can be
seen from chronoamperometry (CA) experiments (see Fig. S3b),
the current recorded for the oxidation of L-DOPA (ca. 8 nA) is
recovered almost completely after a potential step of –0.8 V has
been applied for 20 s. It is important to notice that the efficient
electrochemical cleaning of the electrode is achieved only at pH
values around 6, but not equal or higher than 7 where an even
stronger electrode passivation takes place impeding any complete
SECM mapping of the tyrosinase spot (results not shown). The
optimum pH value for tyrosinase activity is around 7 [39], thus we
expect to obtain slower kinetics in our system.

Typically, in our SECM imaging routines the microelectrode
travels twice over the same line scan (i.e. forward and backward)
before it is perpendicularly displaced to carry out the next line
scan. In this way, two images can be recorded in one experiment by
changing the conditions between forward and reverse image.
Herein, during the forward line scans, a potential of 0.7 V for the
oxidation of L-DOPA was applied, while on the reverse scans the
microelectrode was switched to –0.8 V for the electrochemical
cleaning of the microelectrode and at the same time to detect
indirectly the tyrosinase location. Before each forward line scan, a
delay period was introduced to achieve the steady state conditions
at the microelectrode.

The SECM image obtained in the presence of L-DOPA (Fig. 2a)
depicts the tyrosinase spot as a region of higher current values.
Furthermore, the application of the negative potential during the
backward scan enables the indirect SECM detection of the
adsorbed tyrosinase based on the oxygen detection that is in
good agreement with the spatially detected tyrosinase activity,
although the enzymatic activity image presents some surface
heterogeneity (see Fig. 2b). The result shown in Fig. 2a is in
Fig. 2. SECM image of a tyrosinase spot adsorbed on a PVDF membrane in 50 mM phosph
(b) by the oxygen reduction strategy. For (a) forward scan ET = 0.7 V, for (b) backward s
d = 7 mm, step size = 25 mm, translation speed = 20 mm/s.
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contradiction from what has been expected, i.e. a decrease on the
recorded signal over the tyrosinase active regions due to a
depletion of L-DOPA within the gap between the microelectrode
and sample, as the microelectrode and the enzyme compete for
L-DOPA like in the SECM redox competition mode [40]. Similar
results were obtained when 4-methyl catechol was employed as
enzymatic substrate instead of L-DOPA (Fig. S5). The result
presented in Fig. 2a suggests that in the critical time scale of
the experiment an electroactive species is being generated from
the enzymatic reaction between tyrosinase and L-DOPA, and that
can be monitored at the scanning microelectrode biased at 0.7 V.
Indeed, in the biosynthesis pathway of melanin (Fig. 3),
L-dopaquinone might lead to the formation of hydroxylated
aromatic compounds that can be oxidized at similar or lower
potentials than L-DOPA [41]. The underlying mechanisms of the
detection of the enzymatic activity of tyrosinase in the performed
SECM experiments was further investigated by using differential
pulse voltammetry (DPV) and mass spectrometry (MS) experi-
ments (vide infra).

3.2.1. Differential pulse voltammetry (DPV) measurements
DPV is an electrochemical technique widely used in electro-

chemistry for decreasing the influence of capacitive currents and
for resolving different electrochemical processes that occur at
similar potentials [42]. With this aim, DPV experiments in the
presence of L-DOPA were performed at three different locations
(see Fig. S6), i.e. in the solution bulk, over the PVDF membrane far
from the tyrosinase spot and over the tyrosinase spot. An
electrochemical cleaning procedure at negative potentials (i.e.
–0.8 V for 60 seconds) was applied between each measurement.
The peak signal of highest intensity was obtained at 0.35 V and
with two small shoulders at more positive potentials (i.e. > 0.6 V) in
the solution bulk (Fig. 4a). In contrast, the signal recorded 5 mm
above the PVDF membrane but away from the tyrosinase spot
region, shows an oxidation process centered at 0.3 V and a lower
current peak height. The decrease of the current is due to the
physical blocking of the diffusion of L-DOPA towards the surface of
the microelectrode at such distance. Finally, the signal recorded at
5 mm over the tyrosinase spot shows a signal similar to the one
ate buffer by monitoring (a) the tyrosinase activity in presence of L-DOPA 2 mM, and
can ET = �0.8 V. Other experimental conditions: Pt UME (rT = 12.5 mm, RG = 9–10),

chemical microscopy mapping of tyrosinase in micro-contact printed
(2015), http://dx.doi.org/10.1016/j.electacta.2015.03.224
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Fig. 3. Abbreviated biosynthesis pathway of melanin: starting from tyrosine and L-DOPA in the presence of tyrosinase.

Fig. 4. (a) DPV of 2 mM L-DOPA in 50 mM buffer phosphate at a Pt UME (rT = 12.5 mm, RG = 9–10) in the solution bulk (d > 200 mm) and over the PVDF membrane close or
significantly displaced (>2000 mm) from the adsorbed tyrosinase spot (d = 5 mm). Estep = 4 mV, pulse amplitude = 10 mV, pulse time = 0.2 s, scan rate = 4 mV/s. The electrode
was cleaned by applying a voltage of –0.8 V for 60 s between all experiments. (b) Mass spectrum of L-DOPA (2 mM phosphate buffer, pH6) after 8 min reaction with tyrosinase
adsorbed on a PVDF membrane.

Fig. 5. Proposed principle of SECM detection of the enzymatic activity of adsorbed
tyrosinase spots on PVDF membrane.
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observed previously, but with a peak current height that is higher
than over the PVDF region without tyrosinase. Furthermore, the
observed peak shows a clear maximum at 0.4 V, but also a shoulder
at 0.3 V and a smaller one at 0.05 V. These results suggest the
presence of other redox species in addition to L-DOPA that might be
responsible for the obtained increase in the current recorded over
the tyrosinase spot. To further confirm the proposed explanation,
mass spectrometry analysis was performed.

3.2.2. Mass spectrometry analysis of the enzymatic reaction between
tyrosinase and L-DOPA

Fig. S7 displays the mass spectrum of a 2 mM L-DOPA solution
where a clear intense signal corresponding to the parent peak of
protonated L-DOPA is observed (i.e. [M+H]+ = 198.19). This result
was obtained by analyzing a droplet of a 2 mM L-DOPA solution
over a tyrosinase-free PVDF membrane by using the recently
developed electrostatic spray ionization (ESTASI) MS (for more
details see SI-4) [43]. In contrast, when the droplet of L-DOPA
solution was placed over a tyrosinase-bound PVDF region, the peak
of L-DOPA disappeared rapidly after only 2 min due to the
enzymatic reaction between L-DOPA and tyrosinase (see Fig. 4b).

Indeed, a new peak located at 150.15 m/z appears as a result of
the enzymatic reaction, which actually corresponds to
5,6-dihydroxyindole (DHI). As reported previously, DHI has been
recognized as one of the products of the reaction between L-DOPA
and tyrosinase [41]. CV and DPV experiments of DHI solutions
showed oxidation processes taken place at potentials close to the
one of L-DOPA (See Fig. S8). As a result, it can be concluded that the
SECM visualization of the tyrosinase enzymatic activity is due to
the detection of DHI (and perhaps other electroactive species) as
Please cite this article in press as: T.-E. Lin, et al., Multiple scanning electro
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the product of the enzymatic reaction between tyrosinase and
L-DOPA as depicted in Fig. 5, where “Ox” indicates the oxidized
product at the microelectrode.

3.3. SECM immunoassay of tyrosinase immobilized on PVDF
membrane

The readout of immunoassays by SECM has become a powerful
analytical tool for the highly sensitive and specific detection of
proteins localized in a given micro-environment [44–46]. In order
to verify that the detected enzymatic activity is due to the presence
of tyrosinase, an immunoassay strategy has been applied to the
tyrosinase spots immobilized on the PVDF membrane. With this
aim, primary and HRP modified secondary antibodies were used to
label the adsorbed tyrosinase, to enable its spatial detection based
chemical microscopy mapping of tyrosinase in micro-contact printed
(2015), http://dx.doi.org/10.1016/j.electacta.2015.03.224
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Fig. 6. (a) Schematic representation of the immunoassay of tyrosinase adsorbed on PVDF membrane readout by SECM. (b) SECM image of a tyrosinase spot over a PVDF
membrane in L-DOPA 2 mM and phosphate buffer 50 mM. Experimental conditions: ET = –0.15 V, Pt UME (rT = 12.5 mm, RG = 9–10), step size = 25 mm, translation
speed = 20 mm/s, d = 7 mm.
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on the amperometric monitoring of the product TMBox (see Fig. S9)
of the enzymatic reaction between HRP and TMBred (see Fig. 6a). In
this case, the regions depicted with more negative current values
correspond to the areas where tyrosinase is present (and the
electrochemical reduction of TMBox is possible), in contrast to the
less negative current regions where no tyrosinase is adsorbed
(Fig. 6b). The inhomogeneous activity observed in Fig. 6b is most
likely due to a coffee ring effect during the spot deposition. The
main advantage of this strategy relies in the fact that tyrosinase is
detected based on a specific structural recognition event. As a
result, complete tyrosinase profiles in different samples can be
obtained.

3.4. SECM of mCP banana on PVDF membrane

For the analysis of the mCP banana sample, a tyrosinase spot
was deposited next to it as a control pattern and the sample was
examined in the following simultaneous order: tyrosinase activity
and oxygen reduction methods (i.e. during forward and backward
scans, respectively), followed by the SECM readout of the
tyrosinase immunoassay (see Fig. 7). All SECM images are in good
agreement with the obtained optical microscopic image of the
Fig. 7. (a) Optical microscopic and (b–d) constant height SECM images of an adsorbed ty
images were obtained by (b) oxygen reduction method, (c) immunoassay strategy and (d)
previously mentioned, while for (c): [TMBred commercial solution] = 10% v/v. ET = –0.15 V
= 7 mm.
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studied sample in terms of the shape and position of the tyrosinase
spot employed as control (Fig. 7a). The latter confirms the
reliability of the proposed approaches. However, different features
can be recognized on each one of the performed SECM experiments
on the mCP banana, which is expected from such complex sample.
For instance, there are areas depicting a low tyrosinase content and
activity (between x = 0–500 mm, y = 0–200 mm, Fig. 7c and d,
respectively), but that otherwise in the oxygen method image
represent a protein-bound membrane region (Fig. 7b). The latter
can be explained by the fact that not only adsorbed protein, but
also other solid materials could be adsorbed or block the PVDF
membrane pores. Still, all SECM images were able to show the
absence of adsorbed protein, localization or activity of tyrosinase
on the region between x = 0–500 mm, y = 400–600 mm that is also
in good agreement with the optical microscopic image.

It is important to notice that the distribution of tyrosinase
inside the banana peel is not homogeneous and it is mainly located
in certain structures of the peel. Interestingly, in Fig. 7(c) and (d),
SECM images display that there is more tyrosinase in the outer part
of the peel than in the inner part. Moreover, it can be concluded
that in the sample analyzed, tyrosinase is the enzyme mainly
involved on the oxidation of polyphenols and therefore on the
rosinase spot next to a micro-contact printed banana over a PVDF membrane. SECM
 tyrosinase activity assay. The experimental conditions for (b) and (d) are the same as
, Pt UME (rT = 12.5 mm, RG = 9–10), step size = 25 mm, translation speed = 50 mm/s, d
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banana ripening. The same strategy presented here can be apply
then to study the influence of different parameters, such as
temperature, oxygen concentration and presence of tyrosinase
inhibitors on the kinetics of fruit ripening.

Furthermore, the clear understanding of the results obtained
with such complex sample demonstrates that SECM provides all
the tools required for performing a detailed characterization of
biological surface processes, even by applying consecutive and
compatible electrochemical strategies.

4. Conclusions

In the present paper, three different SECM approaches for
protein detection on PVDF membranes have been implemented.
First, the oxygen reduction method allows for an indirect SECM
detection of adsorbed proteins based on the different oxygen
concentration inside the PVDF membrane pores, as a consequence
of the induced local changes on the membrane hydrophobicity.
Furthermore, the detection of tyrosinase enzymatic activity was
also developed and its principle of detection was examined and
confirmed through DPV and MS analysis. Finally, the specific
recognition of tyrosinase spots was possible via the SECM readout
of an immunoassay strategy. Thus, tyrosinase spots and mCP
banana deposited on PVDF membranes were consecutively studied
using the three proposed SECM strategies. As a result, a clear and
straightforward interpretation of the localization and activity of
tyrosinase inside the banana peels was achieved. Besides banana,
other biological samples that contain proteins can be mCP on PVDF
membranes and similarly analyzed by SECM. It can be envisaged
that SECM studies of immobilized tyrosinase on PVDF membrane
can be used to understand the influence of different factors on the
binding process between tyrosinase and autoimmune antibodies
typically generated in Vitiligo patients and which are known to be
the responsible for the propagation of this disease. Thus, SECM can
be employed as a powerful tool for disease diagnostics and
molecular screening through electrochemical readout.
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