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ABSTRACT

Proteins have been the subject of electrochemical studies. It is possible to apply electrochemical techniques
to obtain information about their structure due to the presence of five electroactive amino acids that can
be oriented to the outside of the peptidic chain. These amino acids are L-Tryptophan (L-Trp), L-Tyrosine
(L-Tyr), L-Histidine (L-His), L-Methionine (L-Met) and L-Cysteine (L-Cys); their electrochemical
behavior being subject of extensive research, but it is still controversial. No spectroscopic investigations
have been reported on L-Trp, and due to the short life time of the intermediates, ex situ techniques cannot be
employed, leading to a never-ending discussion about possible intermediates. In the L-Tyr and L-His cases,
spectroelectrochemical studies were performed and different intermediates were observed, suggesting that
some intermediates may be observed under specific conditions, as proposed for L-Cys. This amino acid
is the most interesting among the electroactive ones because of the presence of a thiol moiety at its side
chain, leading to a wide range of oxidation states. It can adsorb onto surfaces of different crystallographic
orientation in stereoselective conformation, modifying the surface for different applications.as a surface
engineering tool since it plays the role of as an anchor for the growing of nanocrystals inside proteic
templates.
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index facets nanoparticles.

INTRODUCTION

It is well known that proteins are widely used in
electrochemical devices such as glucose sensors
that use glucose oxidase enzyme to react with
sugar, making indirect measurements by the
electrochemical quantification of hydrogen
peroxide (Cunningham et al. 2010, Gerlach et
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al. 2010). But, it must be pointed out that not
just enzymes but proteins in general have been
the subject of electrochemical studies since the
discovery of polarography, which dates from
the 30s (Brdi¢ka 1933, Heyrovsky and Babicka
1930, Jurka 1939); the first published paper on
electrochemistry behavior of proteins was by
Heyrovsky (Heyrovsky and Babicka 1930). At
the time, a reduction wave was observed when a
proteic media (Heyrovsky and Babicka 1930) such

as urine, blood or protein solutions was added to an
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ammonium chloride solution. The explanation for
this fact was the complexation of the ammonium
cations and the protein, which was attributed to the
electroactive species responsible for the “protein
waves”. Three years later, the same group ( Brdicka
1933) published a detailed paper showing that the
addition of a metallic cation (Co”") in the solution
produced the splitting of the “protein wave” into
two regions, and this was observed for several
proteic media even at very low concentration.
Many amino acids were tested, and just in the
case of L-cystine (L-Cys,), a dimer of L-cysteine
(L-Cys), the “wave” was observed, leading to
the assumption of the existence of a catalytic
effect of this amino acid on hydrogen reduction;
L-Cys, is very common in protein structures and
is responsible for the “protein wave”. In 1939,
Jurka suggested that not just the dissulfate was
catalyzing the reaction but it was also due to the
adsorption of these groups onto Hg (Jurka 1939).
This method became an electroanalytical tool for
cancer diagnosis, and it is still used as the base for
studies in this area (Minevich and Tur’yan 2013).

Previous examples show that protein
electrochemistry is a subject that has merited
attention since the beginning, and Jurka has noted
that it can be used as a diagnostic tool (Jurka 1939),
even if the protein does not present a redox catalytic
site as an enzyme, a subject that became of interest
during the 1970s (Palecek et al. 2015).

At present, electrochemistry is still a useful
a tool for protein studies, and it was recently
reviewed by Palecek et al. (2015). Electrochemistry
can be used for biochemical applications, not only
as a source of diagnosis but also for genomics,
gliconomics and proteomics studies (Palecek et al.
2015). Some of these studies have used the option of
adding an iron center or a biomolecule that already
has one (as cytochrome C) to simplify the system
in a way that would make it possible to analyze the
influence of the environment on this electroactive
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group based on non-destructive analysis (Palecek
etal. 2015).

In the same review by Palecek and co-
workers (2015), as in other works (Enache and
Oliveira-Brett 2013, 2017, Xu et al 2005), it is
highlighted that there are only five electroactive
amino acids, L-histidine (L-His), L-methionine
(L-Met), L-tyrosine (L-Tyr), L-tryptophan (L-Trp)
and L-Cys. Although there is no difference
in electrochemical activity in the case of L or
D-stereoisomer, in the present work, all amino
acids are referred to as L-isomer since this is the
one that is naturally observed.

The fact that only these five amino acids of the
twenty-three natural ones are electroactive made
possible the use of electrochemistry in proteomics;
the oxidation of these molecules is observed in
the same potential region and present the same
voltammetric profile when tested free or linked
in (poli)peptides (Enache et al. 2016, Enache and
Oliveira-Brett 2013, 2017, Palecek et al. 2015) as
shown in Figure 1.

The current intensity can provide information
about the way in which these amino acids are
available to the electrode surface, in other words,
if they are exposed on the external face of the
protein structure or buried in the internal part of
the biomolecule, also indicating if the protein is in
its natural state or desaturated. (Enache et al. 2016,
Enache and Oliveira-Brett 2017).

Enache and co-workers published a series of
papersontheapplication of voltammetric techniques
for the investigation of the structure, aggregation
and denaturation of amyloid-f peptide studied for
Alzheimer disease (Enache et al. 2016, Enache and
Oliveira-Brett 2017). The authors first compared
the voltammetric profiles on carbon-based solid
electrodes with atomic force microscopy images,
a well-established technique for these studies
(Enache et al. 2016). The j/E potentiodynamic
profile showed — in the potential window where the
free amino acids L-Tyr, L-His and L-Met oxidation
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Figure 1 - Comparison between voltammograms of B-amloyd (top), adapted from (Enache et al. 2016)
and the free amino acids L-Tyr (bottom, left), adapted from (Enache and Oliveira-Brett 2011a) and L-Met
(bottom, right), adapted from (Enache and Oliveira-Brett 2011c¢), showing that the potential peak is the

same for the bonded and free amino acid.

was expected — that amyloid-p was electroactive
(Figure 1) and not just that the response of the
amino acids was independent on the bonding to a
larger molecule but also that these residues were
exposed to the electrode and thus the surface of the
protein. This observation made it possible to infer
about the variation of this availability after several
modifications of the structure, such as mutations,
inversion of the primary structure, denaturation
and aggregation (Enache et al. 2016, Enache and
Oliveira-Brett 2017). This study involved the
understanding of the voltammetric behavior of
the native/modified peptides and the increase or
decrease of the current, indicating more or less
accessibility to the amino acids and representing
the modifications of the B-sheets and a-helixes.
Since the potential of the free and linked amino
acids is the same, it is possible to infer that the
study of these molecules in solution is scientifically
relevant due to the simplicity of working with a

small molecule. The next sections of this review
will expose the state of the art of the knowledge
about the electrochemical behavior of these five

amino acids.
ELECTROCHEMICALLY ACTIVE AMINO ACIDS

It was noted that the use of carbon-based
electrodes should be preferential for amino acid
electrochemical studies (Palecek et al. 2015)
because metallic electrodes present voltammetric
profiles in which oxides are formed and they are
supposed to be occurring in the same potential
range as the oxidation of the amino acids. But,
in 1980, Malfoy and Reynaud (1980) compared
metallic- and carbon-based electrodes, inferring
that the oxidation mechanism of L-Trp does not
change with the electrode and the oxidation of this
species generates an adsorbed species that blocks
the Au surface, shifting the formation of gold
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oxides to more positive potentials. The mechanism
proposed (Malfoy and Reynaud 1980), Figure
2, reaction 1.3, is not in full agreement with that
recently proposed by Suprun et al. (2013) Figure 2,
reaction 1.1 (Suprun et al. 2013); however, it can be
assumed that the peaks observed on Au and glassy
carbon electrodes are related to the same process,
with the same response for scan and rotation rates
concentration and pH variations (Malfoy and
Reynaud 1980). Although the conclusion of Enache
and Brett (Enache and Oliveira-Brett 2011a) was
supported by the oxidation on carbon electrodes,
Figure 2, reaction 1.4, since the electrochemical
behavior was not as dependent on the electrode
material (Malfoy and Reynaud 1980), the pathway
should be the same for both situations. Enache and
Brett presented a full study on the electrochemical
oxidation of indol groups and derivate ones, as
L-Trp (Enache and Oliveira-Brett 2011a), verifying
the dependence of this mechanism on pH, which
made it possible to infer that the amount of protons
and electrons is the same for both oxidation peaks,
leading to the most complex proposed mechanism.
Reaction 1.4 in Figure 2 can also lead to a diphenol
in meta configuration (Enache and Oliveira-Brett
2011a).

Even with different products, the earlier work
(Malfoy and Reynaud 1980) agrees with Suprun et
al. and other published studies, Figure 2, reactions
I.1and 1.2 (Caietal. 1996, Suprunetal. 2013, Zhu et
al. 2014) in the amount of steps and oxidation peaks,
which indicates that the chosen electrochemical
technique (conventional voltammetry) might omit
information and differential pulse voltammetry
must be more suitable for these studies (Enache
and Oliveira-Brett 2011a). None of the discussed
papers presented spectroscopic data, which would
address this controversy.

In the case of L-Tyr, a common point raised
by most authors is that, no matter the electrode
material, the phenol function is the one that is
oxidized; (Cai et al. 1996, Enache and Oliveira-
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Brett 2011b, Malfoy and Reynaud 1980, Suprun
et al. 2013, Zhu et al. 2014) but the final product
is controversial. Other works using spectroscopic
techniques such as FTIR on metallic electrodes
(Ogura et al. 1999, Zinola et al. 2005) assumed that
the first observed oxidation is the descarboxilation
of the molecule and, second, that of the amino
group. Some authors assumed that the latter takes
place simultaneously with the first one (Zinola et
al. 2005), Figure 3, reaction 2.6. Most of the papers
assuming the oxidation is related to the phenol
group propose its oxidation to a ketone in a single
step (Cai et al. 1996, Malfoy and Reynaud 1980,
Suprun et al. 2013, Zhu et al. 2014), Figure 3,
reactions 2.1, 2.2 and 2.4; however, some consider
a polymerization a competing step (Malfoy and
Reynaud 1980), Figure 3, reaction 2.3, while others
propose that the oxidation of the phenol occurs in
two monoeletronic steps, with an aromatic radical
intermediate. This species, due to hybridization,
can be oxidized in other carbon (meta to the alpha
carbon - C ), resulting in a molecule with two
ketone groups, Figure 3, reaction 2.1 (Enache and
Oliveira-Brett 2011b).

Reports in which spectroscopic techniques
were employed showed that adsorption is
important for this process, regardless of the acid,
Figure 3, reaction 2.6 (Zinola et al. 2005), or
alkaline electrolyte, Figure 3, reaction 2.5 (Ogura
et al. 1999). In acidic media, the importance of
adsorption due to changes in the voltammogram of
polycrystalline and single crystal Pt electrodes was
noted. The current intensity of the hydrogen under

the potential deposition (H,,, ) region is changed,

PD
indicating that the adsorbecLiI sites are occupied by
other species provoking the shift of the Pt oxide
formation region (Zinola et al. 2005). The geometry
of this adsorption can explain why the oxidation
of the carboxylic group is facilitated, since the
molecule should be laid down with -COOH close
to the electrode surface, as well as the whole

phenolic ring. After these oxidation steps, some
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Figure 2 - Oxidation pathways of L-Trp as proposed in the literature by several authors. 1.1 (Suprun
et al. 2013), 1.2 (Zhu et al. 2014), 1.3 (Malfoy and Reynaud 1980) and 1.4 (Enache and Oliveira-

Brett 2011a).

controversy appears among the authors. Ogura et
al. (1999) assume that the final product would be
phenol, while Zinola et al. (2005) propose a more
complex pathway, in which the C_is oxidized to a
ketone and its later oxidation generates a quinone,
which is reoxidized to a para-diphenol (Zinola et
al. 2005). It is possible that the oxidation process
of this molecule differs depending on the electrode
material, but one should keep in mind that in every
case, the process presents many similarities (Malfoy
and Reynaud 1980). The difference between
the electrodes should be related to the increase/
decrease of probability of descarboxilation of the
amino acid to occur.

L-His presents an imidazole ring in its side
chain and despite earlier studies stating that it was
not possible to observe specific oxidation of this

amino acid, regardless of the electrode (Malfoy and
Reynaud 1980), more recent studies on diamond
and (Chen etal. 2008) and Pt electrodes (Ogura et al.
1999) show the opposite. The study of the behavior
of this amino acid is important due to the possibility
of using a L-His tag at the end of designed proteins
to facilitate their isolation since its side chain
adsorbs onto metallic electrodes (Ley et al. 2011,
Ogura et al. 1999). The electrochemical behavior
of this molecule, according to the literature (Chen
et al. 2008), is still not clear; it seems to be more
sensitive to the electrode nature than other amino
acids previously discussed. On ceramic electrodes,
the oxidation mechanism seems to follow a path
involving the electrochemical polymerization
generating an insulating film, Figure 4, reaction 3.2.
The mechanism based on this film, characterized
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Figure 3 - Oxidation pathways proposed for L-Tyr in the literature by 2.1 (Enache and Oliveira-Brett
2011b), 2.2 and .3 (Malfoy and Reynaud 1980), 2.4 (Suprun et al. 2013), 2.5 (Ogura et al. 1999) and
2.5 (Zinola et al. 2005).
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by ex situ techniques (Chen et al. 2008), suggests
that oxidant species were formed by the water and
sulfate oxidation, and these are responsible for
oxidizing the imidazole ring leading to a radical
species, which should be responsible for the
propagation step of the polymerization.

On the other hand, on metallic electrodes,
Figure 4, reaction 3.1 (Ogura et al. 1999), the
molecule will adsorb due to the side chain and
carboxylic acid, and it will be electrochemically
oxidized to generate CO,, formic acid, ammonia
and a free imidazole. These steps are multi-
electronic, proving that the possibility of a more
detailed mechanism, as suggested by Chen et al.
(2008), is truly possible.

The other electroactive amino acids are L-Cys
and L-Met, which, according to previous studies
(Enache and Oliveira-Brett 2011c, Reynaud et al.
1980), should follow the same mechanism after
L-Met loses the methyl group bonded to the S
atom. Due to this and the high importance of their
oxidation pathways in biological systems (Jacob et
al. 2003), they will be discussed in more detail in
the next section.

SULFUR AMINO ACIDS

OXIDATION

As stated in the literature (Jacob et al. 2003), the
oxidation state of the sulfur function of L-Cys
and L-Met can affect the activity of a large range
of enzymes and also those that present L-Cys at
the active site, which present a larger range of
oxidation states. This kind of process, involving
the oxidation of these sulfur-containing molecules,
are a rare example of reversibility in biochemical
redox reactions (Enache and Oliveira-Brett 2011c,
Jacob et al. 2003).

With this in mind, it is interesting to investigate
the electrochemical activity of these two amino
acids in more detail to obtain information about
the oxidation-reduction on electrodes and the redox

behavior in chemical/biochemical conditions. Some
studies suggested that the oxidation mechanisms of
L-Met and L-Cys on different electrodes are very
close (Enache and Oliveira-Brett 2011c, Reynaud et
al. 1980) since the adsorption of L-Met is believed
to be followed by the break of the S-CH, bond,
generating a thiyl radical — the same observed with
thiols — that adsorbs by the oxidation and break
of the S-H bond. Because of this, L-Cys is a very
interesting molecule to study, demonstrated by the
larger amount of studies in the literature (Dourado
etal. 2016, 2017, Enache and Oliveira-Brett 2011c,
Feliciano-Ramos et al. 2010, Pradac and Koryta
1968, Reynaud et al. 1980, Samec et al. 1975).

As noted in the first section of this review,
L-Cys was mentioned in the first study of the
electrochemistry of proteins as being the reason
for the “protein wave” observed in the polarograms
(Brdicka 1933, Heyrovsky and Babicka 1930,
Jurka 1939) related to the redox pair L-Cys /L-Cys.
in the reduction process (Jurka 1939). But since the
use of Hg electrodes is not common at present, it is
necessary for the other electroactive amino acids
to evaluate the electrochemical behavior of this
molecule on solid electrodes.

The study of the electrochemical behavior of
L-Cys on solid electrodes started in the 60s, with
Davis and Bianco’s work followed by the series
published by Pardac and Koryta’s group (Davis
and Bianco 1966, Koryta and Pradac 1968a, b,
Pradac and Koryta 1968, Samec et al. 1975). In
these reports, metallic electrodes were used, and
a parallel was traced between the electrochemical
behavior of thiols and L-Cys (Davis and Bianco
1966), and a mechanism was proposed considering
an adsorption step followed by the oxidation of the
adsorbed species, Figure 5, reactions 4.1 and 4.2. As
multielectronic steps are not common, the oxidation
is usually described as a mechanism consisting of
monoeletronic steps. Further work was done to
study the process, and by using electrochemical
techniques, an intermediate step was suggested,
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Figure 4 - Oxidation pathways proposed for L-His oxidation onto metallic electrodes by 3.1 (Ogura et al. 1999) and 3.2 (Chen et

al. 2008).

in which is proposed the generation of another
adsorbed species, an adsorbed sulfone (R-SO,-M)
that is oxidized to sulfonic acid by a single electron
transfer, Figure 5, reaction 4.3 (Pradac and Koryta
1968). In the same work, the authors suggest that
this is not the final mechanism because of the four-
electrons step, but they also pointed out that with
that technology, it was not possible to go further.
This first study was carried out on Pt (Pradac and
Koryta 1968), and later the same group presented a
work on Au (Koryta and Pradac 1968a) in addition
to a third one, in which they compare the reaction
between both electrodes (Koryta and Pradac
1968Db). In the first work, the oxidation is probably
due to a Frumkin-Podlovchenko mechanism
(Pradac and Koryta 1968), and this proposition is
better explained for the Au electrode (Koryta and
Pradac 1968a); they suggest that the adsorbed
hydroxide generated by the electrode surface
oxidation oxidizes the adsorbed species. Finally,
as noted later by Reynaud and co-workers (1980),
the pathway for both electrodes should be similar
(Koryta and Pradac 1968b).

Despite this point of convergence, Reynaud
et al. (1980), Koryta and Pradac (1968a, b, Pradac
and Koryta 1968) disagree about the possible
oxidation mechanism. The first group performed
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spectroscopic measurements by XPS to investigate
the oxidation state of the adsorbed sulfur atom;
a complex mechanism is proposed whereby the
adsorbed species is combined, generating L-Cys,
and this species absorbing by losing one of the
R chains (Reynaud et al. 1980). This kind of
mechanism was only proposed in this study, and
the probability of breaking an S-S bond should
be higher than for a C-S one; so, an adsorption
step where the former bond is broken should be
more suitable, as suggested by many other works
(Dourado et al. 2017, Hager and Brolo 2003,
Watanabe and Maeda 1989). The literature about
electrochemical dessorption of thiols (Widrig
et al. 1991, Zhong and Porter 1997, Zhong et al.
1997) does not present much information on the
mechanism since currently only the regeneration
of the S-S bond is considered, and if the oxidation
is analyzed, not many advances apart from a
multielectronic mechanism were related. A recent
work (Dourado et al. 2016) showed that not just the
oxidation of the adsorbed species is rate limited by a
desorption step, but also this desorption is observed
at less positive potentials than the oxidation of
the Pt substrate, indicating that the mechanism
proposed by Pradac and Koryta (1968, Koryta and
Pardac 1968a) can be questioned.
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Other kinds of electrodes were also used in
recent years, such as Pd (Feliciano-Ramos et al.
2010), Ag (Hager and Brolo 2003, Santos et al.
2007, 2008) and diamond (Enache and Oliveira-
Brett 2011c¢). Studies performed with Ag did not
clarify about the oxidation of the molecule mainly
because the potential range is not very large, so
that they are mainly focused on adsorption and
reductive desorption (Hager and Brolo 2003,
Santos et al. 2007, 2008). In Feliciano-Ramos et al.
(2010), a multielectronic step is proposed, Figure
5, reaction 4.4, but the work performed on diamond
electrodes proposed different oxidation species,
studying different sulfur-containing amino acids
for better understanding their bio-redox activity,
which is of vital importance (Jacob et al. 2003).
The authors investigated organic functions such as
sulfinic acid, which are observed in vivo but never
cited as intermediates of the electro-oxidation of
L-Cys (Enache and Oliveira-Brett 2011c¢).

Duetothecontroversyabouttheelectrochemical
behavior of these amino acids, it is possible to
observe that not much scientific progress about the
oxidation mechanism was obtained from Reynaud
et al. (1980) until the Enache and Oliveira-Brett
(2011c) investigation, but major efforts were made

to develop a possible quantification of L-Cys (Johll
etal. 1997, Popovi¢ and Johnson 1998, Tudos et al.
1995, Vandeberg and Johnson 1993). Some of the
cited works tried to obtain more detailed information
about the mechanism by using electrochemical
quartz crystal microbalance (EQCM) and ex situ
spectroscopy (Tudos et al. 1995), but the complex
behavior of this reaction made the EQCM study
difficult since oxide generation and solvent
degradation were observed in the same region as
the adsorbed species. Ex situ analysis, after an
exhaustive oxidation, detected just two principal
products, L-Cys, and sulfonic acid species, Figure
5, reactions 4.1 and 4.2. Hydrodynamic techniques
were also used (Popovi¢ and Johnson 1998, Tudos
et al. 1995), and again, not much new and relevant
information was obtained. Nevertheless, pulsed
amperometric techniques (Johll et al. 1997) present
good reproducibility, sensitivity and detection
limits and were selected by Johnson’s group for
developing an amino acid analyzer, in which an
HPLC column is coupled with an electrochemical
detector (Vandeberg and Johnson 1993); there
has been a great deal of interest in this piece of

equipment in biochemical structural studies.
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Recently, Dourado et al. (2017) studied the
electrochemical oxidation of L-Cys and L-Cys,
by infrared reflection absorption spectroscopy
(IRRAS) in parallel with DFT calculations to
predict the possible structures of the intermediates
and the theoretical IR spectra. In this work, IRRAS
spectra obtained at different applied potentials
made it possible to detect intermediates that were
not very common in the literature and others that
were never suggested, Figure 6.

The DFT calculations made it possible to
investigate the stability of those proposed molecules
and to predict their spectra, corroborating the
mechanistic suggestion. Some of the oxidized
species that are not adsorbed (sulfinic acid) were
observed at potentials more positives than 0.70 V
(vs. Ag|AgCIIKCI ), as suggested in a previous
publication (Dourado et al. 2016) that proposed
that the oxidative desorption took place in this
region. The oxidation by the chemical reaction
with the surface oxides (Koryta and Pradac 1968a,
Pradac and Koryta 1968) would also explain the
oxidation, but the mechanism should generate
more oxidized species, being necessary to reduce
the oxide back to Pt. So, spectroscopic data also
suggest that direct oxidation of the adsorbed
species is possible as well as generation of a wide
range of intermediates, depending on pH (Dourado
et al. 2017). Another aspect studied was the side
reaction of the descarboxilation of the adsorbed
species; this was a point not considered in any other
work dealing with the electrooxidation of L-Cys
but treated as being of high importance for L-Tyr
(Ogura et al. 1999, Zinola et al. 2005) and L-His
(Ogura et al. 1999). This kind of reaction could be
related to a Kolbe Mechanism (Vijh and Conway
1967, Wang et al. 2015), but this kind of behavior
should be more expressed in alkaline media due to
the higher reactivity of the deprotonated carboxyl;
but interestingly, in acid media (pH 0), this reaction
was more pronounced (Dourado et al. 2017). This
fact was explained by the structure of the first

An Acad Bras Cienc (2018) 90 (1 Suppl. 1)

adsorbed species, which were different from those
reported for Au (Bieri and Biirgi 2005, Di Felice
et al. 2003, Di Felice and Selloni 2004) and Ag
(Brolo et al. 2002, Luque et al. 2012, Santos et al.
2007, 2008), meaning that the carboxyl was away
from the surface for Au and Ag at lower pH values
and closer in alkaline media. The fact that on Pt the
position of the carboxyl is the opposite can be due
to its high affinity to H adsorption and catalysis,
being the only one among the three electrodes to

presenta H ___region. Because of this, the adsorbed

UPD
L-Cys with the protonated carboxyl closer to the
surface that is involved in some kind of H bond
between the molecule and the surface would favor
the Kolbe reaction instead of the deprotonated one
away from the surface.

The fact that the adsorbed structure is of
crucial importance even for side reactions at very
positive potentials highlights the importance of

investigating this phenomenon.

ADSORPTION

As pointed out in an earlier work (Dourado et al.
2017), the adsorption of L-Cys is a key point for
understanding certain side reactions, such as the
Kolbe descarboxylation (Vijh and Conway 1967,
Wang et al. 2015). Also, the formation of a film
at the surface is an example of a self-assembling
monolayer (SAMs), which was reviewed recently
for different amino acids on metallic surfaces
with the expectation that different effects would
take place on the oxides (Costa et al. 2015). Thiols
are molecules that are very well known for this
purpose (Eu and Paik 1999, Paik et al. 2000), and
as recently reviewed (Chi et al. 2017), the bonding
between the thiol and the metallic electrode can be
explained by an acidic-basic reaction since metallic
materials are strong Lewis acid species and thiols,
especially thiolates, strong nucleophiles. But this
S-M bond is so strong in Au surfaces, qualitatively
compared with Pt, because Au is a much softer acid
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Figure 6 - Recently proposed a pathway for L-Cys oxidation (Dourado et al. 2017).
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than Pt, and thiol(ate) is a soft basic species (Chi et
al. 2017, Pearson 1963, Zhou et al. 2004). Also, the
S-Au bond for adsorbed thiols is suggested to be
as strong as the Au-Au bond (Hikkinen 2012). The
nature of this bond is subject to extensive studies,
as stated not just by this work but also other recent
publications (Reimers et al. 2016). Gold and
also other noble metals present a high number of
possible oxidation numbers. Gold can be found
in oxidation states from I to VI in nanoparticle
chemistry (Hékkinen 2012), but the most important
ones are I and 0, after the bond with thiols (Reimers
et al. 2016). The adsorption step, shown in Figure
5 and 6, is an electrochemical one, so the thiol is
oxidized to a thiyl adsorbed radical, and the metal
still remains at 0 oxidation state (Au(0)-S’), with a
higher contribution of Au d orbitals for the Au-S
formation (Reimers et al. 2016). For many years,
the reaction that was believed to be happening was
not this one since the Au-S bond was believed to
present a more ionic nature, being a Au(I)-thiolate
(Au(I)-S°) bond, in which the oxidized species
should be the Au atom (Chi et al. 2017) and the Au
s orbital should be the one with higher contribution
to the Au-S system. The differences between these
two bonds may be the reason why some conditions
generate a thiol SAM onto Au or a Au-S thin film
(Reimers et al. 2016).

The covalent bond Au(0)-thiyl is observed
when the adsorbed film is stable and a SAM is
formed. DFT calculations predict the possibility
of a small flux charge from Au to alkylthiol, and
some XPS measurements observed Au(0) on the
surfaces when the thiol SAM is formed, which was
also observed for uncharged sulfur layers (Reimers
et al. 2016). The hydrogen bond network observed
in the case of L-Cys adsorption (Brolo et al. 2002,
Hager and Brolo 2003) can be the reason for
the stabilization of the SAM, contributing to the
Au(0)-thyil system, which stabilizes and protects
the surface, to the detriment of the Au(I)-thiolate
one, which contributes to the dissolution of the
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surface (Chi et al. 2017, Reimers et al. 2016). This
fact can be the reason why at pH 14 the adsorption
of L-Cys onto Pt does not occur (Dourado et al.
2017); the charged molecule does not favor the
formation of a Metal-S bond with high covalent
contribution, providing a more instable system.
The carbonic chain of the thiol molecule provides
higher differences between HOMO and LUMO
(Hakkinen 2012). Also, the nature of the metal
affects the level of covalency of the bond, being
less covalent in the case of Cu and the most in the
case of Au (Héakkinen 2012, Reimers et al. 2016),
which can be understood in the sense of “hard” and
“soft” acids (Pearson 1963). Since Au is “softer”
than Pt, the ionic contribution on the Pt-S bond can
be expected to be higher. The ionic character of
the bond can be controlled by the stabilization of
the SAM, as the lateral interaction of the adsorbed
species, since these two states are in equilibrium
(Chi et al. 2017).

The nature of this bond was studied using
AFM techniques (Xue et al. 2014) and DFT
calculations (Tielens and Santos 2010). AFM
experiments evaluated the importance of the
experimental conditions on the bonding strength of
the thiol to the surface since many disagreements
among authors in the literature are explained by
differences in the adsorption pH, oxidized/reduced
Au surface, exposure time and/or isolated/SAM
differences (Xue et al. 2014). Xue et al. (2014)
observed a stronger interaction between Au and S at
pH 8 due to increasing alkalinity or nucleophilicity,
similar to L-Cys on Pt (Dourado et al. 2017).
But, taking into account the equilibrium between
covalent (Au(0)-thiyl) and ionic (Au(I)-thiolate)
(Chi et al. 2017, Reimers et al. 2016) and the
observation that oxidized surfaces also presented
a stronger bond (Xue et al. 2014), the control of
the pH and the oxidation state of the surfaces shift
this equilibrium to a stronger association. Other
authors (Ron and Rubinstein 1998) who compared
the SAM process on electrochemically controlled
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Figure 7 - Pathways proposed to thiol adsorption 6.1 by
(Ron and Rubinstein 1998)measurement of the current
corresponding to ethanol oxidation at the applied potential
provides a convenient means for real-time monitoring of the
self-assembly (SA and 6.2 (Tielens and Santos 2010).

surfaces arrived at the same conclusions. The
oxidized Au presented a faster and more oriented
SAM than the typical protocols, which demand up
to 24h for modification. The authors justified this
improvement by a mechanism, Figure 7, reaction
6.1, in which Au(0) was oxidized to Au(I) and then
reacted with the thiol (Ron and Rubinstein 1998)
probably forming a Au(I)-thiolate species.

The reaction time, as mentioned, was studied
by electrochemical methods (Ron and Rubinstein
1998) and at open circuit conditions, (Xue et al.
2014) for anindividual molecule, and 3 s was enough
for the reaction to be completed. A large difference
was observed between the single molecule and the
SAM experiment. A molecule involved in a SAM
presents lower bond strength (Xue et al. 2014), and
after 0.5 h of reaction, no differences in the values
were observed. Also, the higher values of bond
strength were, again, observed when thiolates and
oxidized surfaces were used, but when the SAM
was allowed to attempt 5 days, the bonding force
was in agreement with the single molecule-reduced
surface system. The lower values for the SAM
were explained by the higher covalency of the
bond, suggesting a Au(0)-thiyl system. This result
could suggest that the organic film that is formed

over the Au surface provides the conditions to shift
the equilibrium to this species.

Theoretical calculations (Di Felice et al. 2003,
Di Felice and Selloni 2004, Tielens and Santos
2010) suggested that the geometry of the Au-S
bond is in a bridge configuration, meaning that
each S atom is bonded to two Au atoms, Figure
8. Also, Tielens and Santos (2010) suggested that
this geometry and the organization of the carbonic
chain presented no differences between an isolated
molecule and a SAM, in disagreement to that
proposed by some experimental results (Ron and
Rubinstein 1998).

Nevertheless, the calculations also predicted
that the bonding of a thiol to a Au surface affects
the surface, provoking wave configuration and
affecting the Au-Au bond around the Au-S (Tielens
and Santos 2010). AFM-based measurements were
able to verify this since the pulling of a thiol was
enough to take some Au atoms together (Xue et al.
2014). The calculations were also able to suggest
that the energetic pathway for a SAM formation is
more favorable if the S-H bond of the thiol group
was homolitically broken and before the formation
of'the S-Au bond, Figure 7, reactions 6.2 and 6.3; in
other words, if the pathway was followed by a bond
breaking followed by a bond formation instead of
a simultaneous reaction (Tielens and Santos 2010).

The proprieties of the Au-S system were also
studied by scanning tunneling microscopy (STM)
(Kiihnle et al. 2002, Nazmutdinov et al. 2006,
Zhang et al. 2005, 2006) on single crystal electrodes
(Wackerbarth et al. 2004, Zhang et al. 2011). The
2D crystallography of the SAM formed on Au
electrodes can be controlled by the pH, electrolyte
concentration and applied electrochemical potential.
By STM, it was also possible to demonstrate that
on an Au (111) surface, two thiols adsorb onto the
same Au adatom. This fact is very interesting since
the same Au atom is bonded with two thiolate/thiyl
species and those bonded in a bridge geometry to
two Au atoms, generating two possible enantiomeric
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surface complexes, as shown at the top of Figure 9
(Hékkinen 2012). When molecules that are already
enantiomeric compounds are used, such as an
amino acid, it is possible to lead to a higher level
of enantiomericity. Some works can be found in
the literature (Kiihnle et al. 2002, 2003, 2006a, b)
using Au (111) and Cys in both L and D forms,
as shown at the bottom of Figure 9. These authors
verified that Cys preferentially adsorbs around the
[1-10] direction, which could be interpreted as an
edge on the surface, as it was represented. The
preferential bridge geometry for adsorption, shown
in many cases on Au (Chi et al. 2017, Di Felice
et al. 2003, Di Felice and Selloni 2004, Hikkinen
2012), Ag (Luque et al. 2012, Santos et al. 2008)
and Pt (Dourado et al. 2017) as a key factor for
the formation of stereoisomers on the surface
(Hékkinen 2012), would also be involved (Kiihnle
et al. 2002) since the authors reported that Cys was

o ° ©

adsorbed as dimers and no isolated molecules were
found.

These stereosurface complexes presented
a controlled orientation with the selected Cys
enantiomer; also, a selectivity was observed when
a mixture was used, the dimerization being L-L,
D-D, according to STM images, Figure 9, bottom
(Kiihnle et al. 2002). The bridge adsorption was
evidenced by the thermoactivated dissolution of
four Au atoms/dimer (Kiihnle et al. 2002, 2006a,
b). Also, the preference for the [1-10] direction for
the formation of this complex (Kiihnle et al. 2002,
2006) and even for clusters (Kiihnle et al. 2003)
was highlighted. Kuhnle at al. (2006) studied the
adsorption of L/D-Cys onto surfaces presenting
stereoisomeric kinks. This experiment made it
possible to observe the preference of D-Cys for
S-kinks and L-Cys for R-kinks, corroborating the
idea of stereoselective adsorption. A stereoselective

s

}.

Q © (o8 o ]

Q 0 (] o o

Figure 8 - L-Cys adsorbed structures onto a: Ag (111), adapted from (Santos et al. 2008), b. Pt (111) at acidic, neutral and alkaline
media, adapted from (Dourado et al. 2017) and Au (111), adapted from (Di Felice et al. 2003).
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Au adatom

Figure 9 - Selective adsorption of thiols onto Au (111)(a-g), adapted from (Hékkinen 2012) and Cys case, being h
the adsorbed dimer for L-Cys, i for D-Cys and j the dimers for a racemic starting mixture, adapted from (Kiihnle et

al. 2002).

self-assembling behavior of Cys adsorption
was also suggested for Ag electrodes (Graff and
Bukowska 2005) because it was observed that the
adsorption of a racemic mixture of Cys presented
an adsorption selectivity of the stereoisomer that
nucleated the SAM and blocked the adsorption of
the other isomer.

The dissolution of four Au atoms (Kiihnle et
al. 2002, 2003, 2006a, b) can be explained by the
shift of the equilibrium between Au(0)-thiyl/Au(I)-
thiolate (Reimers et al. 2016), making the latter
more favorable.

Chi et al. (2017) reported that the most
interesting thiols for electrochemical applications
and for surface modifications are the ones presenting
the sulfhydryl group at one end of the chain and
another function at the other end, usually a function
allowing a bond of another molecule of interest.
In the case of protein immobilization, a carboxyl

or an amine group results, and this is the reason
for the use of cysteamine, mercaptopropionic acid,
L-Cys and homocysteine for this purpose. Also, as
already reported in previous publications (Brolo et
al. 2002, Hager and Brolo 2003), the high stability
of these SAMs is also related to the hydrogen bond
network formed by these functional groups. Also,
studies performed with other metals, even single
crystals, such as Ag (Luque et al. 2012, Luque and
Santos 2012) and Cu (Marti et al. 2004), showed
that the L-Cys adsorbed structure is similar.
Platinum single crystal surfaces are not
frequently found in the literature probably because
of the low affinity of the sulfhydryl group for this
metal, as it is a “hard” acid (Pearson 1963). Also,
experimental results and theoretical predictions
showed that the structure observed on Pt is different
than that observed for “softer” materials (Dourado
et al. 2017). Because of this, one can predict that
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the assembling and crystallographic structure of
the SAM on Pt should be different since the acidic
group is closer to the surface due to the affinity of
the Pt surface to “hard” species, such as H, leading
to the H bond of the carboxylic group with the
surface in strongly acidic media. The structure
is also pH dependent, (Dourado et al. 2017), in a
similar way observed for thiol adsorption (Xue et
al. 2014). The increasing of pH changes not just
the coverage degree but also its conformation, as
already observed for Ag electrodes with potential
perturbation (Brolo et al. 2002). Since the carboxyl
group is closer to the Pt surface (Dourado et al.
2017) and its very acid H (pKa, = 1.71 (Hager and
Brolo 2009) responsible for the hydrogen bond
is not more available, the adsorbed molecule can
easily interact with others, probably making the
SAM more compact and changing the 2D unit cell
as pointed out for different 2D arrangement on Au
(Chi et al. 2017).

As exposed, the adsorption of L-Cys
strongly depends on the surface structure and
mainly crystallographic facets. A promising
area in chemistry is the use of controlled facets
nanoparticles (Lee et al. 2010); so, it is of great
interest to place attention on this wide area since this
knowledge would make it possible to chemically
synthesize materials with high area and controlled
crystallography.

CRYSTALLOGRAPHIC CONTROLLED
NANOPARTICLES

The synthesis of controlled shape nanoparticles is
very promising for catalysis and sensing applications
since the shape is determinant of surface conditions
related to surface energy and electronic structure
and directly related to their physical and chemical
properties (Burda et al. 2005). For the synthesis of
nanoparticles, much care related to their cleaning

and stabilizing agent is needed since changes in
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these conditions will affect the final structure and,
consequently, the reactivity.

The synthesis of metallic nanoparticles,
especially gold (Wozniak-Budych et al. 2016),
palladium (Zheng et al. 2015), silver (Wang
et al. 2014) and platinum (Lin et al. 20006), is
widely studied, and it is possible to obtain sizes
from 10 nm with well-defined structure. The use
of these controlled materials is interesting for the
possibility of controlling the interaction between
the surface and target molecules for catalysis and/
or sensing, as shown for L-Cys (Kiihnle et al.
2002, Wackerbarth et al. 2004, Zhang et al. 2011).
Nowadays, the search for alternatives to noble
metals has allowed the synthesis of controlled
reactivity nanoparticles of low-cost species, such
as metal oxides. Depending on whether the surface
preferential structure is (111), (100) or (110) facets,
it affects the chemical reactivity of each one related
to the higher surface contribution of O or M atomic
sites, provoking a higher negative or positive
superficial charge density.

For controlling the growth of each single
crystalline surface, it is necessary to use a capping
agent (CA), a species that adsorbs onto the growing
surfaces and stabilizes, preferentially, a specific
crystalline facet (Yang et al. 2008, Zhang et al.
2008, 2013). The use of CAs allows the synthesis of
a large range of structures with selected facets and
for a large range of oxides, among them cuprous
oxide (Cu,0), a material of high interest because of
their selective response for non-enzymatic sensors
and general catalytic applications (Xu and Xue
2007). First, Cu,O is a mineral that crystallizes in a
cubic structure, where each Cu atom is neighbored
by two O atoms according to the model of the unit
cell (Xu and Xue 2007). For the low-index facets
of Cu,O crystals, the energy surface is directly
related to the number of Cu atoms coordinated
with the surface. In the {100} facet, it is possible
to observe a clear distribution of Cu and O atoms
in the crystalline cell, with O atoms as terminally
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Figure 10 - Model of the unit cells for single crystalline surfaces of Cu,O adapted from (Shang and Guo 2015) and SEM figures
obtained from the synthesis of cubes (100), octahedral (111) and spheres (110) using SDS as CA and hydroxylamine as reductant

agent.

exposed; this distribution generates a neutral surface
in the {100} facet. On the contrary, Cu atoms at the
{111} facet are unsaturated coordinated; each two
Cu atoms there are a dangling bond perpendicular,
which makes them positively charged at the
surface. The analogous case occurs with the
{110} facet that presents the same terminated Cu
atoms, as the number of dangling Cu atoms on the
{110} plane per unit surface area is approximately
1.5 times higher than on the {111} facet (Huang
et al. 2012). So, the {110} facet should be more
positively charged than the {111} facet, and the
{100} would be the less positive one. A commonly
used CA in the synthesis of Cu,0O nanoparticles is
polyvinylpyrrolidone (PVP), which stabilizes the
faces with the (111) index (Zhang et al. 2009). The
selectivity for this face by this CA is understood
by the coulombic attraction of the oxygen atom
negatively charged in the carboxyl group of PVP

by the positively charged Cu atoms, which are
more exposed in this facet, and the nanoparticle
will grow in an octahedral form. Depending on
the PVP concentration, the relationship between
the {111} and {100} facets varies, with a greater
concentration of PVP favoring the growth of the
{111} face. It is not possible for the {110} facet to
obtain with this CA because the adsorption of PVP
is not strong enough to create this crystallographic
face; therefore, the growth rate is reduced in relation
to the other ones. In another similar case, Liang
et al. (2009) used oleic acid as the CA, observing
stronger adsorption in the rhombic dodecahedron
Cu,O face, leading to the preferential growth of the
110 face. Another widely used CAis sodium dodecyl
sulfate (SDS), which enables the formation of well-
defined cubic, spherical and octahedral structures,
as shown in Figure 10. The optimization of the
amounts of CA — hydroxylamine hydrochloride
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used as reducing agent and pH control — increases
the growth of preferential facets; low pHs lead to
the formation of mainly octahedral {111} and less
reducing agents into mainly cubic structures {100}.

AMINO ACID INTERACTION WITH CU,O

Despite the use of polycrystalline faces, Dong and
co-workers (2008) performed a study in which they
used Cu,O to modify carbon nanotubes, whereby
a composite material was used as a detector for
amino acid quantification. In this work, the authors
tested 19 amino acids. During voltammetric
measurement, the authors verified that the form
of the current-potential curves was not dependent
on the amino acid used; every procedure for any
molecule presented a reversible pair of peaks in the
0.6 - 0.8 V (vs. SCE) range (Dong et al. 2008). This
leads to the conclusion that in the case of the Cu,0
modified electrode, CuO, the product of Cu,0
oxidation, is responsible for the electro-oxidation
of the amino acids, so the mechanism cannot be
dependent on the nature of the amino acid, as they
observed (Dong et al. 2008).

One can observe that in Figure 11, the
functionalities that are related to the oxidation
of the molecule are the carboxylic acid and the
amine, so any amino acid can be electrochemically
oxidized by this electrode, and this explains why
19 amino acids presented the same reactivity. An
interesting observation was the pH dependence of
the electrochemical response of the amino acids
(Dong et al. 2008). In the acid media, all amino
acids presented the highest activity at pH values
around the isoelectric point of each species, and
the reaction was due to single-step oxidation, while
the reverse reaction was the CuO reduction back to
Cu,0. A different behavior was observed at pH>11,
where a more complex mechanism was suggested,
Figure 11, reactions 7.1-3.

The difference in strong alkaline media was
explained by the formation of a new oxidized
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species, Cu(Ill) (Dong et al. 2008). So the reverse
reactions, in this case, are the reduction of CuO to
Cu,0 and CuOOH to CuO or Cu,O, but no more
details about this behavior were presented in this
publication. A similar mechanism can be expected
for glucose and carbohydrates, generalized in
Figure 11, reaction 7.4 (Alizadeh and Mirzagholipur
2014), in which CuOOH is reduced to CuO by a
single oxidation of the molecule. After that, CuO
can be reduced once more to Cu,O by the oxidation
of another molecule or functionality, as shown in
reactions 7.1-3. So, the complexity of the oxidation
at pH>11 is not just related to the greater amount
of possible paths — 7.1-3 could also take place of
CuO being reduced to Cu,O — but also to additional
possible oxidizing leading to different steps.

Some reports used shaped controlled
nanoparticles (Maity et al. 2014, Zhang et al.
2008), prepared by using PVP as CA (Zhang et al.
2008). Authors studied L-Trp (Maity et al. 2014)
L-Tyr (Zhang et al. 2008) interaction with the (111)
face. It was observed that the amine groups are
responsible for the bonding of the L-Trp because
the bands in FTIR spectra related to -NH, modes
were shifted (Maity et al. 2014). In the case of L-Tyr
(Zhang et al. 2008), impedance measurements were
performed, and Nyquist plots were interpreted as
an indication of the amino acid adsorption, and
octahedra were found to be more electroactive than
spherical nanoparticles. The discussion about why
this specific form was the most active, presenting
the highest currents, is still open.

Dongetal. (2008)evaluated the electrochemical
response of many amino acids, and they noted
that the oxidation of the L-Tyr should follow the
mechanism related to Figure 11, but in neutral
media, CuO was the oxidant agent. A comparison
with Zhang et al. (2008) shows that the oxidation
peaks are not in the same region; for octahedra,
they were shifted to more negative potentials. This
fact can be explained by the facet reactivity, as
shown in the previous section; it is expected to vary
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Figure 11 - Oxidation of amino acids onto Cu,O nanoparticles by 7.1(Dong et al. 2008) and 7.2 (Alizadeh and Mirzagholipur

2014).

with the crystallographic orientation, and so the
CuO generation is more favorable to this positively
charged surface. The adsorption of both amino acids
can be due to the -NH,, but for L-Tyr, there is the
possibility of it being due to the phenol moiety, but
the authors did not go further with spectroscopic
measurements to verify this hypothesis (Zhang et
al. 2008).

The positively charged Cu atoms on the (111)
facet are also responsible for the immobilization of
thiols onto this kind of surface, as shown by Azimi
et al. (2014) in their work about the immobilization
of mercaptopropionic acid on Cu,O nanoparticles.
Cu is also a “soft” acid (Pearson 1963), just as Au
is, but since it is not as polarizable as the latter, the
interaction between the thiol and Cu is expected to
present an ionic character, since Cu is “harder” than
Au. Azimi et al. (2014), based on XPS experiments,
were able to verify that the adsorption was due to
the thiol, corroborating information obtained by
FTIR experiments. Cu,O presents a band at 615
cm” related to the Cu-O stretch, observed before
and after the modification of the nanoparticles.
But, after the modification, the intensification
and enlargement of this band, probably due to
C-S stretch, is expected to be in this region for Pt
(Dourado etal. 2017), Ag (Brolo etal. 2002) and Au
(Anema and Brolo 2010). The XPS measurements
also verify that the thiol was in its thiolate form and

Cu was locally reduced to Cu’ (Azimi et al. 2014),
making it possible to observe the same equilibrium
observed for thiols adsorbed onto Au.

The thiol function, since it is adsorbed by the
sulfur atom, is probably oxidized by a mechanism
different from the one presented by reactions 7.1-
3; it is most likely oxidized to sulfonic acid as
presented in Figure 5 but in a more simple pathway
than that presented in Figure 6, similar to reactions
7.4-6 for alkaline media. At the moment, no more
data clarifying these facts can be found indicating
that the subject is still open to further study.

The bonding between the thiol and the
Cu atoms can also be used for the synthesis of
well-orientated crystallographic faces in a non-
thermodynamic favorable way (Choe et al. 2007,
Dai et al. 2005). For this kind of approach, a
DNA binding protein was used as a template for
the growing of the nanoparticles. This approach
has been used for different crystallographic arrays
not observed in traditional synthesis (Okuda et
al. 2012). Since the use of proteins as templates
is possible for nanoparticle synthesis, the relation
between the amino acids and these nanoparticles
is a subject that needs to be elucidated. The Cu,0
synthesis by protein template (Choe et al. 2007, Dai
et al. 2005) was only possible because the protein
of interest was modified and some L-Cys residues,
responsible for the immobilization of the growing
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particle inside the protein, allow the process to take
place in non-thermodynamic favorable conditions.

CONCLUSIONS

The electrochemistry of proteins is an important
tool for diagnosis, not just for redox enzymes but
also for the ones that do not present this behavior in
vivo. The presence or absence of the electroactive
amino acids (L-Tyr, L-Trp, L-His, L-Met, and
L-Cys) orientated to the outside of the protein
structures can give important information about the
structure of the (poly)peptide since the potential
window observed for each one is the same for
the free and bonded residues. The study of the
electrochemical activity of these molecules is not
new but still remains open for discussion, and the
most recent efforts in this field can be summarized
in Table L.

The sulfur-containing amino acids, L-Met and
L-Cys, are the most interesting for study since not
just the proteomic application is important; it can
also help the understanding of the redox behavior
of any protein. Also, L-Cys seems to be the most
interesting example of the group since it can also
be used as a surface modifier, allowing the binding
of other molecules, especially proteins. This
modification of the surface is of great interest also
for regular thiols and is the object of study of many
groups, allowing the discovery that the relation
of the simplest thiol is stereoselective. So, it was
expected and observed that Cys adsorption is also
an interesting tool for surface engineering.

For this modification, one can also keep in
mind that adsorption of the thiol onto metallic
surfaces is described by an equilibrium between
M(0)-Thiyl and M(I)-Thiolate, and the use of
different conditions can make one side or the other
more stable, being the last one responsible for the
corrosion of the surface.

For surface engineering, the crystallographic
facet exposed is of high interest, and due to the
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limitations of disponibilization in the large scale of
noble metals, the use of well-defined metal oxide
nanostructures is of high interest, especially Cu,O.
The well-defined nanoparticles of the synthesis
is facilitated by the use of CA, as PVP or SDS,
allowing the chemical synthesis of cubes (100),
octahedra (111) and (110) structures to keep the
process fast and simple.

For those structures, all amino acids seemed to
be active since the electrochemistry is ruled by the
disponibilization of CuO and CuOOH, but L-Cys
was once more observed to be different from the
others since the acid-base reaction responsible for
its adsorption is able to modify the surface with
this molecule and to use this residue as a tool to
anchor growing crystals in bio templates for
nonthermodynamic-favorable structures.

TABLE I
The most recent efforts in the study of electroactive amino
acids.
Am.l no Important advance Reference
acid
Mechanistic evaluation (Epaf:he and
L-Trp Oliveira-Brett
onto Carbon electrodes
2011a)
Mechanistic evaluation (Enaghe and
onto Carbon electrodes Oliveira-Brett
2011b)
L-Tyr .
Comparison between (Enache and
bonded and not bonded Oliveira-Brett 2017)
molecule
Comparison between
i (Enache and
L-Met  bonded and not bonded Oliveira-Brett 2017)
molecule
. Mechanistic evaluation
L-His onto diamond electrodes (Chen et al. 2008)
L. . (Enache and
Mechanistic evaluation Oliveira-Brett 2011)
onto diamond electrodes
L Mechanistic evaluation ~ (Dourado et al. 2017,
-Cys onto Pt electrodes 2016)
Adsorption onto Ag (Luque et al. 2012,
surfaces, theoretical Luque and Santos
studies 2012)
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