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ABSTRACT:

The present work reports on the synthesis of a redox-
tagged peptide with self-assembling capability aiming
applications in electrochemically active capacitive surfa-
ces (associated with the presence of the redox centers)
generally useful in electroanalytical applications. Peptide
containing ferrocene (fc) molecular (redox) group (Ac-
Cys-1le-1le-Lys(fc)-1le-1le-COOH) was thus synthesized
by solid phase peptide synthesis (SPPS). To obtain the
electrochemically active capacitive interface, the side
chain of the cysteine was covalently bound to the gold
electrode (sulfur group) and the side chain of Lys was
used to attach the ferrocene in the peptide chain. After
obtaining the purified redox-tagged peptide, the self-
assembly and redox capability was characterized by cyclic
voltammetry (CV) and electrochemical impedance-based
capacitance spectroscopy techniques. The obtained results
confirmed that the redox-tagged peptide was successfully
attached by forming an electroactive self-assembled

monolayer onto gold electrode. The design of redox active
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self-assembly ferrocene-tagged peptide is predictably use-

ful in the development of biosensor devices precisely to
detect, in a label-free platform, those biomarkers of clini-
cal relevance. © 2016 Wiley Periodicals, Inc. Biopolymers
(Pept Sci) 106: 357-367, 2016.

Keywords: self-assembly; redox probe peptide; electroac-
tive peptide; electrochemical characterization; redox

peptide monolayers

This article was originally published online as an accepted
preprint. The “Published Online” date corresponds to the pre-
print version. You can request a copy of any preprints from
the past two calendar years by emailing the Biopolymers edi-
torial office at biopolymers@wiley.com.

INTRODUCTION
n last decades there has been a focused research in metal
surfaces modification by forming ordered and structur-
ally controllable molecular layer architecture within the
context of obtaining stable and functional molecular
junctions where the well-known self-assembled mono-
layers (SAMs) are the ultimate and the largest studied man-
made molecular interfaces,’ comprising different applica-
tions going from biosensors>™ to dye-sensitized solar cells.®’
Furthermore, many natural processes such as protein fold-
ing, hybridization of DNA and cell membranes formation
involve chemical concepts within the scope of self-
assembling and/or self-organization®® of molecular and
supramolecular structures. For instance, natural processes
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governed either by inter and intra molecular forces such as
those including hydrogen bonding, electrostatic interactions,
hydrophobic interactions, and Van der Waals forces™!° are
within these broad scope. Accordingly self-assembled mono-
layers formation over conductive interfaces is one of the easi-
est methods to obtain ordered man-made monolayers,
through chemisorption, for example, between them and a
metal surface, stimulating the preparation of man-
engineered thermodynamically stable monolayers.''

SAMs are nowadays routinely used in many areas such as
surface wetting, non-fouling surface structures, electrochemis-
try, surface passivation, protein binding, DNA assembly, corro-
sion protection, biological arrays, cell interactions, and
12716 to mention but a few. Among the
latter mentioned range of applications, one interesting, which
will be the focus of the present work, is the electrochemistry of
engineered multi-function electroactive monolayer. In this way
many authors explore the thermodynamic basics of SAM for-
mation and infer information about structural conformation
through electrochemistry characterization.'” This means that
the knowledge of SAMs structural characteristics constitutes an
important tool mainly related to the control and development

molecular electronics

of electroanalytical applications. For instance, SAMs are gener-
ally used to report selective analytes of interest by applying
suitable monolayers constructed over conductive electrodes,®
offering controlled properties of the surface and distinctive
reactive backgrounds and possibilities by using redox mole-
cules as probe in the screened electrolyte environment.'®
Accordingly SAMs are nowadays routinely applied in merging
biosensor technology and nanotechnology,”"” truly opening
doors toward directive surface engineering with a multitude of
applications ranging from materials science to analytical chem-
istry.'>*® Within the electron analytical context, self-assembled
monolayer allows the suitable control of the electrode trans-
ducer signal,”' for instance. The simplest electroanalytical sys-
tem are based on monolayers that provide selective access to
the electrode’s signal by means of a specific recognition frag-
ment."” On the latter context, the main advantage is that
monolayers offer spatial control such as an appropriate orien-
tation of the receptor to detect target, enhancing the specificity
and preventing interferences.”

It was in 1980’s that it was discovered that alkanethiols
spontaneously assembled on metals surfaces™ and since then
metallic surfaces have being the preferable functionalized surfa-
ces. These interfaces are designed accordingly to applications
but mainly it can be observed those based on aromatic mole-
cules, hydrogen-bonded molecules with functional groups like
thiols, amines, sulphides, selenides among others that offer
enhanced stability to the desirable molecular assembled
layers.”* Newly uses are yet possible such as those based on

SAMs comprising alkanethiols within a probe redox as the
electrochemical active group whose electron activity can be
applied as transducer signal. This type of electroactive surface
and structure has been shown to be of major importance in
achieving reliable electrochemical capacitive biosensors as we
reported recently.”> Latter application comprises development
of medical diagnostics devices.*® Significant is the fact that
electroactive monolayers are valuable for the immobilization of
antibodies, proteins, biological molecules, enzymes, aptamers,
and others receptors on metal surfaces underpinning a variety
of electrochemistry applications in a multiplexing manner.”” In
general, electrochemistry-based sensors using SAMs as the
main building blocks have been employed for example, to
monitoring pH, inorganic species, organic molecules and
important biomolecules, the latter by using the chemical and
biological recognition approach.”*** Yet biocomposites synthe-
sis has been reported based on SAM templates.”® For example,
self-assembly of peptides monolayers on gold surface demon-
strated good characteristics as an alternative to those compris-
ing traditional monolayers.”® In summary, self-assembly
molecular layers are very suitable and desirable in different
applications and peptides-based molecular function constitutes
useful and versatile alternative to be exploited in those kinds of
applications, as we will demonstrate below.

The fact that the peptide molecules can be built by using
twenty amino acids as building blocks has turn the develop-
ment of “Solid Phase Peptide Synthesis” (SPPS)’! into a reality.
This is an effective methodology to synthesize different func-
tional molecules, offering an easy preparation and purification
methodology and thus providing the ability to design reliable
molecular functional structures over electrodes within a multi-
tude of structural and physical-chemistry properties.'” Addi-
tionally the simple and versatile characteristic involving SPPS
allows add redox probes into the amino-acid chains.”® By
designing peptides with self-assembling characteristics it is pos-
sible to achieve competitive and yet superior versatility, for
instance, non-fouling surfaces. For instance, peptides self-
assembled monolayers are fabricated in a way that surface
properties are remarkably adapted to the desirable applica-
tions."” Regarding electrochemistry applications, electrochemi-
cal techniques such as cyclic voltammetry and impedance/
capacitance measurements are useful in monitoring molecular
layer structural characteristics and electrical (conductive or
dielectric) properties.’® For instance, we have recently demon-
strated that the self-assembling characteristics of peptides con-
taining a probe redox molecule, in particular ferrocene,
deposited over metallic gold surface are interesting in develop-
ing alternative capacitive biosensor.”> The sensoring capability
is based on obtaining the electrochemical capacitive signal of
the synthesized redox-tagged peptide by using Electrochemical
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Capacitance Spectroscopy (ECS).*>** Some authors used pep-
tides labeled with a redox probe, most frequently ferrocene, to
detect various biological proteins as well as enzymatic activities
using traditional electroanalytical approaches,”*> but rarely the
sensoring signal is based on the electrochemistry capacitance.

In biosensor applications, peptides monolayers have impor-
tant advantage over traditional monolayers once peptide mono-
layers are able to reduce the non-specific interaction (potential
perturbative signal) caused by the huge amount of non-specific
protein intrinsically contained in complex biological samples
such as patient blood. As a result, an increase in selectivity com-
pared with typical low fouling surfaces like PEG' is possible to
be achieved. Highly important is that peptide functions are not
only useful on the formation of monolayers but additionally can
act, at the same time, as receptive layer being very desirable in
biosensors applications.”® Because peptide monolayers consti-
tute an all-in-one alternative, they comprise sequences able to
contain assembling capability (surface anchoring functions to
functionalize the electrode) and biomolecular recognition within
an ultra-low fouling platform besides containing redox activity
by comprising additional redox sites.””

Within this context of multi-functionality it is clear that
electrochemistry biosensor devices demand applications of
engineered peptide layers. Indeed, it has been shown that
peptide-based assays have additional comparative advantages
such as high speed and sensitivity over those more traditional
assays”” by either reducing the chemical steps needed during
surface’s fabrication and by lowering costs®®* during fabrica-
tion of the devices. As a final examples, peptides which cleav-
age enzymes can be used to detect important enzymes like
PSA, one of the main markers of prostate cancer, %*!
needs of antibodies or receptive biomolecule over the electro-
des surface. It has been shown that some protein kinases can
been linked to many forms of cancer, recently, Wang and co-
workers used a peptide and a modified FC-ATP (adenosine tri-
phosphate) to detect kinase-catalyzes phosphorylation.**

We report herein on the synthesis, by solid phase, of an elec-
trochemical active peptide with self-assembling capability that
can be used as redox-tagged peptide in electrochemical capaci-
tive biosensoring surface.”>*’ Basically the peptide-based self-
assembly monolayer is comprised of a ferrocene-tagged group
whose electrochemistry activity was characterized by tradi-
tional and by a newer capacitive-based methods.

without

MATERIALS AND METHODS

Chemicals

Solutions were prepared with Milli-Q® water (Millipore Reagent
Water System, USA) with 18.2 MQ cm at 25°C. All the Fmoc (9-fluo-
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renylmethyloxycarbonyl) amino acids and resins were purchased from
Sigma Aldrich Co. (USA) and AAPPTEC (USA). Solvents and
reagents for peptide synthesis were obtained from Sigma Aldrich Co.
(USA) and Fluka (USA). DCM (dichloromethane) and DMF (dime-
thylformamide) were purchased from Hexis Cientifica and VETEC
(Brazil). 3-Ferrocenylpropionic anhydride was purchased from Sigma
Aldrich Co (USA). Acetonitrile (ACN) was purchased from Panreac
and tetrabutylammonium perchlorate (TBACIO4) was purchased
from Sigma-Aldrich (USA).

Peptide Synthesis

The peptide Ac-Ile-Ile-Lys-Ile-Tle-COOH was automated produced by
solid phase peptide synthesis (SPPS) using a PS3 synthesizer (Protein
Technologies) through Fmoc protocols on Fmoc-Ile-Wang Resin
(0.67 mmol g ~ ). Methyltrityl group (Mtt) protected the side chain
of Lys residue. Coupling was performed at twofold excess over the
amino component in the resin, using N,N,N’,N’-Tetramethyl-O-(1H-
benzotriazol-1-yl) uroniumhexafluorophosphate (HBTU)/N-methyl-
morpholine (NMM). The Fmoc group was deprotected by 20% N-
methyl-piperidine/dimethylformamide (DMF). After the synthesis,
the side chain of Lys (Mtt) was deprotected by 1% trifluoroacetic acid
(TFA) in dichloromethane (DCM) and the success of the coupling
was monitored by ninhydrin reaction. When the € amino group
(primary amine in the Lys side chain) of Lys was free, 3-
ferrocenylpropionic anhydride was attached by incubation in presence
of DCM (dichloromethane) and DMF (dimethylformamide) for 24 h,
resulting in the peptide Ac-Ile-Ile-Lys(fc)-Ile-Ile-COOH. Cleavage of
the Wang resin and removal of the side chain protecting groups were
performed with 94% TFA, 2.5% 1,2-ethanedithiol (EDT), 2.5% H,O,
1% triisopropylsilane (TIS) for 2 h. After this, the peptide was precipi-
tated with ethyl ether anhydrous, separated from soluble non peptide
material by centrifugation, extracted in a mixture of 0.045% (v/v)
TFA/H,O and 0.036% (v/v) TFA/ACN and lyophilized. The crude
product was purified by HPLC system on a Beckman System Gold
using a semi-preparative reverse phase Phenomenex Jupiter C18 col-
umn (250 x 10 mm), packed with spherical 5 pm particle and 300 A
pore size. A linear gradient elution was employed from 30 to 80% of
solvent B (0.036% (v/v) TFA/ACN) for 105 minutes. The flow rate
was 5 mL/min at room temperature and the injection volume was
5 mL, UV detection was carried out at 220 nm. The purity of peptide
was analyzed using an analytical Shimadzu system with a reverse
phase Phenomenex Jupiter C18 column (150 x 4.6 mm), packed with
spherical 5 um particle and 300 A pore size, linear gradient of 5 to
95% of solvent B for 30 min, flow rate of 1.0 mL min ~ ' and UV
detection at 220 nm. The identity of the peptide was analyzed in an
ion-trap Mass Spectrometer using a Brucker system in positive mode.

Electrode Surface Preparation

Mechanical polishing using aluminum oxide pads with decreasing
particle sizes (1 pm, 0.3 pm, and 0.05 pum) prepared the gold surface.
Sonication in water was performed between polishing steps to remove
adhered particles. The electrode surfaces were then electrochemically
cleaned in deaerated NaOH 0.5 M (—1.5 Vand —0.5 V at a scan rate
of 50 mV's ~ ') and subsequently in 0.5 M H,SO, (—0.2 Vand 1.5 V
at a scan rate of 100 mV s ~ ') until stabilization of the gold reduction
peak in CV was attained (approximately 50 cycles). Following
electrochemical polishing, electroactive areas were evaluated by
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mathematical integration of the cathodic peak with the potential from
gold electropolishing voltammograms and converted to the real sur-
face area, using a conversion factor of 400 uC cm ™ ** The roughness
factor was controlled by maintaining it between 1.2 and 1.5 in all
measurements.

Surface Architecture and Electrochemical

Measurements
A cleaned Au electrode (as detailed in the previous section) was
immersed for 16 h at 25°C in a solution containing 1.8 mmol L ~ ' of
the electroactive peptide in water/acetonitrile(50:50) for the formation
of the self-assembled monolayer. An AUTOLAB potentiostat
(PGSTAT30) with a FRA module controlled using the NOVA software
was used for all electrochemical measurements. A three-electrode
setup consisting of a gold working electrode (2.0 mm diameter) from
METROHM, a platinum mesh counter electrode, and an AglAgCl
(saturated KCl) reference electrode were used for the measurements.
Electrochemical characterization was conducted using a support-
ing electrolyte of 20 mM TBACIO, dissolved in acetonitrile and water
(20:80, v/v) without a redox probe. Cyclic voltammetry (CV) was per-
formed at a scan rate of 100 mV's ~ ' between 0.0 Vand 0.7 V relative
to AglAgCl. Electrochemical Impedance Spectroscopy (ESI) measure-
ments were conducted at the half-wave potential (E;,, = 0.37 V) and
non-Faradaic (redox out) region (0.10 V), at a frequency ranging
from 100 kHz to 10 mHz, with a peak-to-peak amplitude of 10 mV.
Measurements were verified for compliance with Kramers—Kroning
linear systems theory using the NOVA software. Electrochemical
Capacitance Spectroscopy (ECS) analysis was performed by determin-
ing the capacitance, using the relationship C*(w)=1/iwZ*(w),
where  is the angular frequency and i is the complex number
=1/=1.%% In processing Z* (), it is possible to obtain both the imagi-
nary C"=¢ Z and real C'=¢ Z" portions of capacitance, noting
that p=1/(w|Z |2), where |Z| is the modulus of impedance. The pep-
tide surface coverage (I', mol cm ™ 2) was calculated using the equation
I'=4C,kgT/eF, providing an occupation at the half-wave potential
where f=1/2 (where the redox capacitance, C,, maximizes), [see Eq.
(1) below for more details], where kg is the Boltzmann constant, T is
the absolute temperature (293 K), and e is the elementary charge.*®
To compare the I' results obtained using the redox capacitance
approach, the surface coverage was estimated using an expression
derived from classical voltammetry I'=Q/n.FA, where n, is the
number of electrons in the electrochemical reaction (1, =1, since
Fct + ¢= = Fc) and Q is the charge obtained by the integration
peak of the reduction/oxidation process in the CV, discounting the
capacitive contribution. Noting that Q=(1/v) [ idV, where i is the
current, v is the scan rate, and A is the electrode electroactive area
(cm?), determined as previously described.*

RESULTS AND DISCUSSION

Peptide Synthesis

To prepare the peptide containing ferrocene molecular group,
the peptide Ac-Cys-Ile-Ile-Lys-Ile-Ile-COOH was synthesized
by Fmoc-strategy, using Wang-Ile resin and Mtt as side chain
protective group of Lys. The Wang resin was chosen to obtain

a peptide with free carboxyl in the C-terminal group. This free
carboxyl group is important for further coupling of an anti-
body, enabling the use of the peptide in molecular recognition
applications such as by forming functionalized surface for bio-
sensor applications®® when coupled to a metallic plate. The
amino acid Isoleucine was chosen due to the hydrophobicity
and volume of side chain,*® resulting in the presence of hydro-
phobic and intramolecular hydrogen bonding in the peptide
molecules.”” The volume of the branched increased in the
order alkanethiol < Ala < Ile.

Afterward the Fmoc-Cys(tBu), coupling and deprotecting,
the N-terminal of the peptide was acetylated to avoid further
possibilities of reactions, mainly the reaction with C-terminal
group. With the peptide still in the resin, the protecting group
Mtt was selectively removed by using DCM containing 1% of
TFA (twice by 30 min). Subsequently the resin was submitted
to ninhydrin test, showing a positive result, regarding free
amino groups. To make the conjugate, one equivalent of 3-
ferrocenylpropionic anhydride and one equivalent of resin-
peptide was placed in presence of DCM and DMF during
24 h, after a positive ninhydrin test, other solvents were eval-
uated: DCM containing 50% of NMP (N-Methyl-2-pyrroli-
done) during 24 h (not effective), and then, DCM containing
10% of HFIP (1,1,1,3,3,3-Hexafluoro-2-propanol) during
24 h. The 3-ferrocenylpropionic anhydride carboxyl group is
reactive, attaching to € amino group Lys and forming an
amide bond,*® resulting in the following Ac-Cys-Ile-Ile-
Lys(fc)-Ile-Ile-COOH peptide chain.

Different cleavages solutions were tested to obtain an opti-
mized protocol to synthesize ferrocene-peptide conjugate. Sol-
utions containing 94% TFA, 2.5% H,O, 2.5% EDT and 1%
TIS (1); 82.5% TFA, 5% TIS, 5% H,0, 5% phenol and 2.5%
EDT (2); 95% TFA and 5% H,O (3); 95% TFA, 2.5% TIS and
2.5% H,0 (4) were used. The cleavage was successful when the
solution (1) was used and the synthesis of the ferrocene-
peptide was performed in the resin at the side chain of Lys,
with the Fmoc protocol, as demonstrated in the crude peptide
chromatogram in Fig. 1a.

Furthermore, as can be seen in Fig. la, the peak associated
with ferrocene-free peptide is still present after the synthesis.
Allowing two different possibilities: selective removal of the Mtt
group was not efficient enough to prevent the attachment of
ferrocene molecule to the € amino group of Lys, or, the reaction
of ferrocene molecule to the amino group was not completed.
In both situations we have a combination of two compounds:
Ac-Cys-Ile-Ile-Lys-Ile-Ile-COOH and Ac-Cys-Ile-Ile-Lys(fc)-
Ile-Ile-COOH, as shown in the chromatogram in Fig. 1a. The
peaks around 22.8 and 28.8 minutes in the Fig. 1a are assigned
to a contaminant produced during the synthesis. The
ferrocene-free peptide exhibits a retention time of 16.0 minutes

Biopolymers (Peptide Science)
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(a) Chromatogram of the crude ferrocene-tagged conjugate peptide [analytical reverse

phase Phenomenex Jupiter C18 column (150 x 4.6 mm), packed with spherical 5 pm particle and
300 A pore size, using a linear gradient of 5-95% (v/v) of solvent B for 30 min, at a flow rate of
1.0 mL/min and UV detection at 220 nm]. (b) Chromatogram of the purified ferrocene-peptide
conjugate, i.e. purity >95% [analytical reverse phase Phenomenex Jupiter C18 column (150 x
4.6 mm), packed with spherical 5 pm particle and 300 A pore size, using a linear gradient of 5-95%
(v/v) of solvent B for 30 min, at a flow rate of 1.0 mL/min and UV detection at 220 nm]. (c¢) Mass
spectrum of the ferrocene-free peptide: 744.5 g moL. ~ ! — relative peak of 16.0 min in (a). (d) Mass
spectrum of the redox-tagged conjugate peptide: 984.5 g moL ~ ' — relative peak of 23.9 min in (a).

meanwhile the ferrocene containing peptide has a retention
time of 23.9 minutes. The mass spectrum of both ferrocene-free
and peptide containing ferrocene are shown in Figs. 1c and 1d.
The obtained difference in the retention times (R;) enable
the purification of the ferrocene redox-tagged peptide and so
that it was possible to obtain a pure ferrocene-peptide as evi-
denced in Fig. 1b (> 95%). The characteristic of the ferrocene-
free and redox-tagged peptide are summarized in the Table 1.

Electrochemical Characterization

After obtaining the purified redox-tagged peptide the appro-
priate electrochemical characterization was performed by self-
assembling the peptide into gold electrodes. The capability for
self-assembly of the synthesized redox-tagged peptide is
expected to occur via thiol group present in the Cys residue.
The electrochemical behavior was thus evaluated by using CV
and EIS by comparing the obtained results with those observed
for a bare/cleaned gold surface (i.e., the electrode in the

Biopolymers (Peptide Science)

absence of peptide). As shown in Fig. 2 the oxidation and
reduction peaks associated with the ferrocene/ferrocenium (Fc/
Fc") redox coupling activity were clearly observed in the CV
plots. The formal potential was found to be approximately
0.37 V relative to the AglAgCl reference. The difference
between the oxidation and reduction potential peaks is nearly
18 mV and the ratio between j,, to jy (i.e., the ratio between

Table I Characteristics of the Ferrocene-free and Ferrocene-
tagged Peptides

Calculated Measured
mass mass R,
Peptide (g moL™ N (g moL™ b (minutes)
Ac-Cys-Tle-Tle-Lys- 744.0 744.5 16.0
Ile-Tle-COOH
Ac-Cys-Ile-Ile-Lys(fc)- 984.5 984.5 23.9

Ile-Tle-COOH

R; comprises for retention time.
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the anodic and cathodic current density peaks) is about unit.
From both results, it is clear that the redox-tagged peptide was
successfully attached onto gold’s electrode surface presenting a
characteristic (or typical) redox reversible process.

It has been discussed in literature that the fingerprint of
redox tagged peptide monolayer could be evaluated by the
peaks and shapes of the CV*’ pattern. It is said that for an
ideal free-of-defects redox SAM, a condition without disper-
sive electron transfer rate constant k,,*>° the full width at half
of the peak maximum height (FWHM) should present, for a
single electron transfer process, a value corresponding to FW
HM=90.6 mV *>* in the CV. This analysis is based on those
behavior expected for redox free species in solution phase
where classical analysis applies (since ions are treated as Boltz-
mann particles, following a Boltzmann distribution of states),
i.e. the electron transfer are believed to follow a Nernst distri-
bution of redox potentials. Nonetheless, for electroactive
monolayers chemically attached over electrodes quite fre-
quently deviations of Nernst distribution of redox potentials is
observed because essentially the redox particles now are
chemically coupled to the metallic states where the electron is
a Fermion particle, following a Fermi-Dirac distribution with
energy instead of a Boltzmann distribution. Because of latter,
the redox monolayer is mesoscopic in essence and their dis-
persive potential behavior affects electron transfer as discussed
recently by Bueno et al”' According to quantum mechanics
statistics the monolayers behaves as “molecular solids” with
redox species contributing for the existence an electrochemical
density of states following a Gaussian pattern that spreads
energetically depending on the energetic structural rearrange-
ment of the molecular layers as an ensemble of redox states
following the Fermi occupation modulated by the electrode.
In this picture deviations from the pure Nernst distribution of
redox states are obviously dependent on the dielectric envi-
ronment and vary reversibly for the same monolayer at differ-
ent dielectric environment. Deviations on redox potentials
are, therefore, not particularly associated with molecular layer
preparation or synthesis but depend on how the electronic
quantum states on the molecular layer is occupied energeti-
cally, spreading with dielectric environment. This is expected
to vary differently for the same molecular layer depending on
the external environment and electrochemical potential.

For instance, by considering a single redox state chemically
coupled with metallic electrode, the capacitance is given by

T
G)= =6 (1)
where C, is the redox capacitance, kg is the Boltzmann con-
stant, T is the absolute temperature (293 K), and e is the ele-

mentary charge. Note that f is the Fermi-Dirac distribution
f={1+exp[(i—E,)/ksT]} ', where kg is the Boltzmann
constant. Eq. (1), for f=1/2 (that is the for capacitance values
obtained at half-wave potential). Based in Eq. (1) the molecu-
lar redox coverage can be estimated as '=4C,kgT/eF (as
previously indicated in the experimental section). Hypotheti-
cally at zero-temperature limit Eq. (1) turns into C,(it)=
e’g (1)=e*dN,/dn.

ci=e | st Lan= [

_ dn kT ) ‘gr(/_l)f(l_f)dﬂ (2)

where g,(1t)=dN,/dq is the redox density of states that can be

exp [_ (Mz—ggEZr) ]

i.e., a Gaussian function with the normal distribution centred

realistically written as

N, 1
dit 6,21

g ()= (3)

at E, (the energy of the redox states) and with a ¢, standard
deviation (g,* variance). Any change in redox site occupancy
is thus integrated into g (@) and experimentally reported
through C,.

The N, (the density of redox states) is then occupied
according to electrochemical chemical potential of the elec-
trons in the electrode following the Gaussian DOS shape where
kg is the Boltzmann constant and T the absolute temperature.
It corresponds (or the number of electronic states in the
molecular layer) exactly to N,=I" assuming the existence of
electrons as particles (not waves) that occupies a single ferro-
cene molecule in the molecular layer, without any quantum
mechanics/mesoscopic effects associated with the redox pep-
tide molecular layer. Note also that fi (the electrochemical
potential of electrons in the electrode) is related to the Gibbs
free energy of a single electron transfer step according to
AG,=E,—[i, where the electrical work defined by edV trans-
lates into associated with change in free energy and ultimately
stored chemical energy, i.e. dJi.

Following this ideas it can be observed that from the CV
results shown in Figure 2a, both cathodic and anodic peaks
exhibit larger value of FWHM (~100 mV) than those
expected SAM Nernst idealistic behavior. Accordingly both val-
ues obtained for capacitance by CV (~ 18 uF ¢m %) and
capacitance spectroscopy (Figure 4c¢ at redox out potential,
~ 14 uF cm™?) suggest that mesoscopic effects are present in
the peptide redox SAM. The similarity between the capacitance
values obtained by capacitance spectroscopy and CV is
expected since we have shown in previous works that the redox
capacitance of a redox layer is associated with CV currents and
scan rate by C,=i/s, where i is the current obtained in the CV

Biopolymers (Peptide Science)
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FIGURE 2 (a) Cyclic voltammetry for ferrocene modified peptide SAM. The half wave (or for-
mal) potential (0.37 V) and redox out (0.1 V) lines denote regions where ECS was performed, as
described in experimental section of the main text. The presence of anodic and cathodic peaks in
the peptide SAM (red line), which are absent in bare gold CV (black line) are the characteristic evi-
dence for successful immobilization of the redox-tagged peptide self-assembled over gold electrode.
(b) Bode modulus plot (red circles) and Bode phase plot (black triangles) acquired at the half wave
(or formal) potential. Note also that the modulus of impedance increase in regions about 10 Hz. A
capacitive response is observed at low frequencies (below 10 Hz) meanwhile a pure resistance
response is obtained at high frequencies (above 1 kHz). CV measurements were performed at a
scan rate of 100 mV s ~ ' from 0.0 V to 0.7 V (V x Agl AgCl), using a 20 mM TBACIO, solution as
the supporting electrolyte and EIE were performed using 20 mM TBACIO, at 0.37 V.

and s is the potential scan rate. The capacitance obtained by
capacitance spectroscopy is, nonetheless, more precise since it
corrects non-faradaic contributions existing in the current
response of CV methods, see also legend of Figure 3 and asso-
ciated discussion for more details.

Following above theoretical background, EIS measurements
were conducted at the formal potential (0.37 V) aiming to
establish the characteristic electrochemical pattern of the
redox-tagged peptide SAM. An increase in impedance was seen

a) Non-fara)d‘aic branch b)
Solution /
(Electrolyte) Ré IC{"
I
R C
peptide
SAM film tethered redox M_| I_
group Rl C
[aw ] 1\ &

frequency decrease

/—-—'-"\

C”(F)

:

Redox tagged Zi

>

e—C—i C®F

Faradaic branch

FIGURE 3 (a) Schematic representation of a redox-tagged peptide film comprising the interfacial
impedance (Z;) and the solution resistance (R;). The equivalent circuit capable of modelling elec-
trochemical redox capacitive interfaces is comprised of two series capacitances: a monolayer (C,,)
and a double-layer (Cg), where Cy > C,,. Since C,, dominates in analyses it is solely represented
in the equivalent circuit model *>**%. The dipolar response of the monolayer is represented by
resistive (R;) and capacitive terms (C;). Note that C,, < C, consequently R, and C; control the
monolayer dielectric (ionic) response. In contrast, R, (charge transfer resistance) and C, (redox
capacitance) control the faradaic response. (b) C, can be detected as a consequence of the electro-
chemical energy storage capability of the SAM over gold electrode interface. Note that C, is easily
determined from the diameter of the semicircle of the capacitance Nyquist plot >’ shown in (b).
Details about the equivalent circuit representation of the surface process as illustrated herein can be
found in references 26,27.
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in frequencies about 10 Hz (Fig. 2b). The phase angle was also
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FIGURE 4 Impedance (a) and capacitance (b) Nyquist plots for redox tagged peptide immobilized
above gold surface. From (b), it is clear an increase in capacitance values from ~10 uF cm™2
obtained to bare gold electrode (related to double layer capacitance) to ~105 uF cm™ (redox
tagged peptide SAM). (c) Real part of the capacitance of the ferrocene-tagged peptide film complex
at electrode potentials corresponding to redox in (half wave potential) and redox out (0.1 V X
AglAgCl) potentials. Both contributions were modulated using the circuit shown in Fig. 3 (d) The
same as (c), but representing the imaginary part of the complex capacitance response. The inset in
(d) shows a magnified capacitance response in the redox out potential for the imaginary part of com-
plex capacitance. Note that in the redox out potential, shown in (c) and (d), no significant contribu-
tions to the real and imaginary capacitance were observed, clearly demonstrating the redox activity
of the ferrocene modified peptide which dominates over electrostatic and ionic polarization signals.

recorded for all frequency range and allows establish the
resistive and capacitive contributions from measurements of
the impedance magnitude. As well known, a zero phase
angle corresponds to a current passing through a resistor
(i.e. the voltage perturbation and the response current are
in phase). On the other hand, a shift of —90° between the
current and voltage is typical of a capacitance behavior.
From the Bode plot (Fig. 2b), the resistance contribution
occurs mainly at high frequencies (zero phase angle), while

the capacitive contribution in the impedance spectrum is
observed mostly at low frequencies.

The impedance behavior of a redox-active SAMs can be
modeled using an appropriate equivalent circuit (Figure 3a). A
detailed discussion about the equivalent circuit’*>*® and
about redox capacitance and associated methodology can be
found in references®>*”*>>*, From this methodology (summar-
ized in the Figure 3), it is possible to extract the capacitance
and other resistive elements. Briefly, the circuit describes the
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charging capability of this redox tethered interface, a physical
chemistry feature obtained from the redox capacitance
term C,°**7**>. This charging fingerprint can be easily
obtained converting the impedance spectra to capacitance (Fig-
ure 4). From these results, it is clearly observed an increase in
capacitance (obtained approximately from the diameter of the
semicircle as shown in capacitive Nyquist Plot of Figure 4b)
from bare gold to redox peptide SAM. The redox capacitance
change from ~10 uF cm™2 (mainly due to the double layer
capacitance) to~105 uF cm™2, the latter provided by the redox
(centers) activity of the molecular peptide layer, being higher
than double layer (or equivalent non-faradaic) contributions.

The results of Figure 4 corroborate with voltammetry data
(Figure 2a) and reinforce the well-defined formation of the
SAM over the gold electrode®. In addition, Figures 4c and 4d
show the Bode capacitive diagrams of redox in (red circles)
and redox out potentials (blue open circles). Specifically note
that in Figure 4d the redox relaxation peak (about 36 Hz),
associated with the electron transfer rate, is absent for mea-
surement taken at a redox out potential (as indicated in Figure
2a). This is due to the fact that the response is obtained at a
potential outside of the redox activity of the electrode (named
redox out) where faradaic response is absent so that evidencing
a clear contribution (or its absence) of the redox active groups
incorporated in the ferrocene-tagged peptide layer on the
capacitive response observed comparatively when measured at
potentials out or inside electrochemical activity. Furthermore,
both real and imaginary capacitive components are highly
responsive at the formal (redox inside) potential and practi-
cally unresponsive at redox out potential, once more clearly
corroborating the redox activity of the ferrocene modified pep-
tide layer which dominates the response over electrostatic and
ionic polarization signals*®>>>°,

As demonstrated previously™, the characteristic frequency
in faradaic process of a redox tethered specie in an electroactive
layer is related to the electron transfer rate constant (k,), which
can be extracted analyzing Bode plot (Figure 4d)*>** %, This
important observation discussed and exemplified in the litera-
ture demonstrated the versatile feature of capacitance spectros-
copy in easily elucidating electrochemical features (equivalently
but more precise than traditional methods, such as cyclic vol-
tammetry) of this redox tethered monolayers, especially kinetics
process, when certain experimental conditions are properly
observed (i.e. measurements carried out at half-wave potential
where the electronic redox sites/electrode coupling achieves an
equilibrium process, AG=0). The perturbation frequency
occurs in maximum efficacy when the electrode potential is
perturbed in the way that k,=t.! (t,=R,C,), or in other
words, when the resistive term is minimized whilst capacitance
is maximized. Since the conductivity (inversely related to resist-
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ance) is proportional to imaginary part of capacitance (C")*,
the peak in Bode plot corresponds to k.. From this result,
shown in Figure 4d, k, was obtained as 35 * 2s ! which is in
good agreement with redox tethered SAMs*>®"%* and in the
same order of magnitude of ferrocene-tagged peptide®® about
of 11's ~ ', At redox out potential (i.e. a potential that do not
corresponds to faradaic process), the relaxation process corre-
sponds only to SAM dipolar dielectric features that includes ion
migration (i.e. T=R, C,)* whit a small parasitic contribution at
the same frequency (less than 5%, inset in Figure 4d, but
depend on the molecular layer characteristics it could be greater
and should be evaluated carefully).

Finally, in aiming to quantify the redox activity associated
with the ferrocene group incorporated to the redox-tagged
peptide self-assembled monolayer, the surface coverage of the
peptide SAM was determined by two different approaches. By
classical voltammetry data, we estimate the surface coverage
as ['=(4 = 2)x10""mol cm™2, and T=(8 = 4)x10~"'mol
cm™ 2 by capacitance spectroscopy, (calculated considering con-
fidence interval of 95%, p-value of 0.2 for t-test average analy-
sis), for a closely packed ferrocene modified peptide SAM
considering the peptide as cylinder with a diameter of ~15 A

we found~ 9.4 x 107" mol cm™2.

This theoretical esti-
mated value is in very good agreement with those experimen-
tally obtained from molecular coverage by ECS approach.

These values agree with theoretical data obtained assuming
helical peptides, when there is a close packed and vertical
arranged the value that Gatto and Venanzi make association
be* 16.6 x 107" mol cm™2.  Already,
coworkers found a theoretical value of 10.0 x 10~ *mol cm™?
for studies conducted in helical peptides.” The peptide Ac-Ile-
Ile-Lys(fc)-Ile-Ile-COOH, expressed lower compatibility, which
can be explained due to the position of the ferrocene in Lys
side chain, noting that in other works, the studied peptides do
not have probe redox (ferrocene) in their backbones.

Lépez-Perez  and

Comparison Electrochemical Capacitive Behaviors

It is important to know that the isoleucine-containing peptide
showed a lower surface coverage compared to the alanine-
containing peptide®® and the monolayers formed by thiols™
(Table II). This result is related to differences in the side chain
volume of isoleucine and alanine. Because of the largest vol-
ume of isoleucine residues, the number of molecules per sur-
face units that can be assembled on the gold surface is fewer
than for alanine residues. On the other hand, the molecular
surface coverage by thiols is larger. The alkane chain is not
branched, so more molecules can be packed. These results are
in accordance to the values obtained for redox capacitance.
The isoleucine-containing peptide showed the lowest redox
capacitance because of the low molecular surface coverage.
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Table II  Electrochemical Characteristics of Three Different Self-
assembled Monolayers

Molecular
Surface Redox

Self-Assembled Coverage Capacitance
Monolayers (mol cm ™ ?) (UF cm™?)
Ac-Cys-Ile-Ile-Lys(fc)- (0.4+0.2) 10" 1° 105

Ile-Tle-COOH
Ac-Cys-Ala-Ala-Lys(fc)- (12+02) 1010 137

Ala-Ala-COOH?®
Self-assembled monolayers (3.0+1.0)10°1° 175

of thiols™*

In contrast, thiol coverage showed the highest redox capaci-
tance due to its better surface packing.

CONCLUSION

As peptides have proved to be a promising tool for the devel-
opment of self-assembled monolayers we herein described a
synthetic route to obtain a redox-tagged peptide able to be
self-assembled over metallic surface and possessing stable and
suitable electrochemical activity. The solid phase peptide syn-
thesis allowed the sequence modification in the way to have a
peptide containing an appropriate and desirable redox probe.
The electrochemical performance of the redox-tagged peptide
molecular layers was characterized by both cyclic voltammetry
and electrochemical impedance-based capacitance spectros-
copy techniques.
ferrocene-tagged peptide successfully provided the expected

Both techniques confirmed that the

self-assembly capability of the peptide chain over gold metallic
electrode with stability and electrochemical activity confirmed
through the calculation of molecular coverage. Finally, the
redox-tagged peptide has an additional possibility by attaching
an antibody for development biosensors devices to detect
directly any relevant biomarker, making use of the electro-
chemical capacitance signal (obtained through ECS method)
intrinsically existing in redox-active monolayers.
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