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Redox-tagged peptides have emerged as functional materials with multiple applications in the area of sensing
and biosensing applications due to their high stability, excellent redox properties and versatility of biomolecular
interactions. They allow direct observation ofmolecular interactions in awide range of affinity and enzymatic as-
says and act as electron mediators. Short helical peptides possess the ability to self-assemble in specific configu-
rations with the possibility to develop in highly-ordered, stable 1D, 2D and 3D architectures in a hierarchical
controlled manner. We provide here a brief overview of the electrochemical techniques available to study the
electron transfer in peptidefilmswith particular interest in developing biosensorswith immobilized peptidemo-
tifs, for biological and clinical applications.

© 2017 Elsevier B.V. All rights reserved.
Keywords:
Biosensor
Peptide
Electrochemical assays
Redox tag
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
2. Interfacing electrochemical transducers with peptidic elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3. Electron transfer through peptide films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4. Electrochemical methods in peptide-based assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1. Cyclic voltammetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.2. Square wave- and differential pulse voltammetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.3. Alternating current voltammetry and electrochemical impedance spectroscopy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5. Recent achievements in the biosensing area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6. Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Acknowledgement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
Conflict of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
Author contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
ylene blue; AMP, antimicrobial
tyric acid; SAM, self-assembled
ectron transfer; CV, cyclic volt-
ing current voltammetry; DPV,
edance spectroscopy; SWCNT,
arbon nanotube; EGFR, epider-
ide; PDDA, poly(diallyl dimeth-
old nanoparticle; GN, grapheme

ical Chemistry, University of
Romania.
a).
1. Introduction

Peptides are probably themost versatile tools in the development of
supramolecular and flexible frameworks due to their inherent ability to
self-assemble in highly-ordered 1D, 2D and 3D structures. Due to their
tunable physio-chemical properties, peptides are able to fold in compact
structural motifs shaping nanosized architectures in monolayers, bilay-
ers, fibers, micelles, tubes, and strips [1,2]. Peptide self-assembly is driv-
en by noncovalent intermolecular interactions (electrostatic, hydrogen
bonding, hydrophobic, aromaticπ-stacking and van derWaals) through
molecular recognition [3,4]. The secondary structure of peptides (α-
and, 310 helices, β-sheets and β-hairpins) can be easily modulated by
engineering the amino acid (AA) sequence in order to optimize the
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interactions between adjacent peptides [5,6]. The helical conformations
provide intrinsic electron transfer and conductive properties, leading to
the idea that peptide scaffoldsmight be used for buildingmaterials with
electronic/photoelectronic functions [6]. Moreover, short peptides (up
to 10 AA residues) [3,7] can be easily obtained by standard synthesis
methods, avoiding complex, laborious and time-consuming procedures,
as in the case large proteins [2,8]. They are also biocompatible, and
therefore excellent candidates for stabilizing labile macromolecules
such as enzymes, antibodies and nucleic acids used in biosensors and
bionanodevices [2,9]. Peptide-based biosensors have been developed
for the detection of various analytes, including cells [10] proteins [11]
ions [12,13] or small molecules.

The 20 natural amino acids (Fig. 1) are the building blocks in peptide
synthesis. All natural amino acids, except glycine (G), are chiral
adopting the L-configuration. They have the same basic structure and
vary only in the R-group at the central carbon (Cα) position of the mol-
ecule. Peptides adopt specific configurations, depending on which R-
Fig. 1. Basic structures of amino acids are displayed along with their common name and the
presented with their potential applications in nano-biomedicine and nano-electronics. Reprod
groups are near one another in a peptide chain [14]. AA sequences en-
sure the primary structure, usually designated with one-letter code
(Fig. 1).

The nature of the R group dictates the peculiarity of each AA residue,
which can be categorised as hydrophobic, hydrophilic, charged, or
“other” [15,16]. The hydrophobic residues can be divided in two groups:
the aliphatic residues, A, I, L, M, V and the aromatic residues F, W and Y.
The aliphatic residues generally provide a hydrophobic environment.
Aromatic residues are usually involved in π–π stacking, where p-
orbitals in π-conjugated system overlap [1,6]. These interactions are
mainly involved in peptide folding [17,18]. The hydrophilic, polar resi-
dues participate to hydrogen bonding, either via OH (S, T) or CONH
(N, Q) groups. The ionisable residues can be positively charged, H, K,
R, and have pKa values of 6.5, 10 and 12, respectively, or negatively
charged, D, E, and both have similar pKa of 4.4 [14]. The oppositely
charged residues may promote the formation of peptide assemblies
through their electrostatic attraction, while equal charges prevent
one letter abbreviations. The main architectures derived from peptide sequencing are
uced from [14] with permission of RSC Publishing.
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assembly through electrostatic repulsion [19]. The “other” category con-
tains several specific residues, that either offer structural modifications
such as bends in peptide chains, or sites for chemical modification
[14]. The presence of two hydrogen atoms in glycine (G) removes the
steric hindrance imposed by the R-group, and provides a higher degree
of flexibility of the peptide sequence compared to other amino acids.
Proline residues introduce structural rigidity due to the blocked confor-
mation caused by the side chain being covalently linked to the amino
terminus. Cysteine (C) can be used to bind to gold surfaces [3,14]. Serine
(S), threonine (T) and are suitable for chemical or enzymatic modifica-
tion, while repeated sequences of histidine (H) are able bindmetal ions
such as Ni2+ [20] or Cu2+ [12,13].
2. Interfacing electrochemical transducers with peptidic elements

There are plenty different approaches to immobilize peptidic ele-
ments onto surfaces, from physical absorption to covalent attachment
to a self-assembled monolayer [20]. Gold-thiol chemistry can be also
used to prepare self-assembled monolayers (SAMs) of short synthetic
peptides on gold surfaces [21,22]. However, these approaches require
conjugation of a redox reporter such as ferrocene (Fc) [7,23] or methy-
lene blue (MB) [24,25], as peptides do not directly generatemeasurable
electrochemical signals in response to a binding event [26]. Therefore,
label-free detection would be a challenging task to achieve for
peptide-based assays, either if peptides are working as supporting
self- assembled layers, or aremimicking a recognition element for a spe-
cific target. Moreover, the selectivity of assays with peptides as recogni-
tion elements should be carefully optimized due to the semi-selective
binding nature of peptides [27]. Many peptides displayed significant
binding affinity toward several different cells/molecules [26]. The pep-
tide elements for biosensing approaches are selected according to the
assay formats and analytical purpose:
Fig. 2. Comparison between “top-down” and “bottom-up” techniques. The top-down proced
approach is based on the interaction of simple building blocks to form a well-ordered asse
permission of RSC Publishing.
- Short peptides from random phage display: in this case the peptides
are randomly selected from large and often pre-existing and com-
mercially available phage display libraries, with no design elements
[28].

- Peptide receptors for ligand sensing: artificial peptide receptors can
be obtained from the reduction of the known sequence of a natural
receptor down to a synthesizable and stable sequence [29]. On the
other hand, a binding site can be created over a designed, stable pep-
tide framework.

- Peptide ligands for receptor sensing: short peptides can also be used
as specific elements for the detection of their own receptors. There-
fore, antimicrobial peptides (AMPs) [27] and cell-penetrating pep-
tides (CPPs) [30], which are able to interact with cell-surface
elements, are used for sensing bacterial cells, antigenic peptide se-
quences for antibody binding, and peptide substrates for enzymede-
tection [29]. Electrochemical peptide-based sensors are usually
developed following a “bottom-up” strategy, either if it is about in-
terfacing the transducer with peptide SAMs or attaching a peptide
recognition element on an already built-up alkyl-thiolated SAM
[31]. The bottom-up fabrication refers to the arrangement of smaller
components into a larger ormore complex assembly [32] (Fig. 2). By
contrast, the top-down fabrication is defined as the development of
organized structures either by etching down a bulk material or by
manipulating components into specific locations.

While the bottom-up approach builds-up nanomaterials from small
blocks like atoms or molecules, the top-down approach produces nano-
structures by deconstructing larger materials with the use of litho-
graphic tools (i.e., physical top-down) or through chemical-based
processes (i.e., chemical top-down) [33]. Amphiphilic and aromatic
peptides are the most used building-block candidates for “smart
ure is based on the patterning of assemblies by lithographic definition. The “bottom-up”
mbly by means of molecular recognition and self-assembly. Reproduced from [8] with



Fig. 3. Helical α- and 310-conformations based on a polyalanine/histidine 9-mer peptide
showing the relative positions of i, i + 3, and i + 4 residues in the helix. Reproduced
from [44] with permission of RSC Publishing.
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materials” whose development involves self-assembling. For example,
using diphenylalanine, Gazit and co-workers have developed aromatic
dipeptide nanotubes (ADNTs) ranging between 50 and 300 nm in diam-
eter and up tomicrons in length [8,32]. There are various systems based
on amphiphilic molecules which have been exploited in combination
with top-down methods. Bolaamphiphiles, for example, consist of two
hydrophilic groups connected by a hydrophobic linker segment [34].
Matsui and co-workers have developed a bolaamphiphile system dis-
solved in sodium hydroxide that self-assembles into 100 nm diameter
nanotubes upon pH reduction [32,33]. In this case, self-assembly results
fromhydrophobic associations of the alkyl chains due to charge neutral-
izationwhen the carboxylic acid headgroups becomeprotonated. These
nanotubes have been patterned into precise locations on gold surfaces
coated with 1-octadecanethiol SAMs [35]. These materials can be used
further for the controlled immobilization of proteins in affinity assays
[34]. Nevertheless, it is crucial to provide insights into the mechanisms
governing the electron transfer in electrochemical peptide-based sen-
sors regardless the manner of transducer's functionalization. Here, the
ability of several peptides tomediate the electron transfer (ET) between
a redox center and the electrode surface, in a direction-dependentman-
ner, is to be exploited.

3. Electron transfer through peptide films

The ability to form tightly packedmonolayers, which is crucial for an
efficient ET through a peptide bridge, depends on the length of the pep-
tides and their 3D-structure. Short peptides may populate several con-
formations, being very flexible and rapidly inter-converted between
the different conformers [36,37]. Consequently, they form loosely
packed films with large degrees of inhomogeneity and up to 15% vacant
gold sites [36]. On the contrary, longer helical peptides form well-
ordered and densely packed films [38]. The capability to form tightly
packed SAMs depends not only on the length of the peptide primary
structure, but also on the type of secondary structure attained by the
peptide chains and on the presence of aromatic groups [39].

The α-helix is the most observed secondary structure in peptides
and proteins, where the dihedral angles ω, Φ and Ψ have the values of
180°,−57° and−47°, respectively. In the case of the 310 helix the dihe-
dral angles are 180°, −49° and −27° [22,40]. The basic difference be-
tween a 310 helix and an α-helix resides in the manner in which the
backbone hydrogen-bonding network of the two helices is established;
in α-helices, the carbonyl group of residue i interacts with the nitrogen
from the amide group in residue i + 4 [15,41] yielding the following
characteristics: 3.6 residues per turn and consecutive residues making
an angle of 100° around the helical axis, a helical rise per residue of
1.5 Å, and a helical pitch of 5.4 Å [42]. By contrast, in 310 helix, the car-
bonyl group in residue i and the nitrogen of the amide group in residue
i + 3 are hydrogen bonded [43]. Canonical 310 helices have 3 residues
per turn, with an angle of 120° between consecutive residues, a helical
rise per residue of 1.93–2.0 Å, and a helical pitch of 5.8–6 Å. Thus, the
310 helix is longer and thinner than the α-helix with the same number
of residues [15,44] (Fig. 3).

Gatto and co-workers have demonstrated that six residues-long
peptide containingα-aminoisobutyric acid (Aib) residues can be folded
in helical conformations [45]. Other works reported that oligopeptides
containing up to 8 residues, modified at Nterminus with a lipoyl moiety
able to form densely packed monolayers [24,37,45], mainly due to
their helical secondary structure. The molecular dipole moment greatly
influences the rate of the peptide-mediated ET [7,37], especially in the
α- helical peptides, which exhibit a large macrodipole moment (ap-
proximately 3.5 D per residue) [22], oriented parallel to the molecular
axis. Of special interest are also 310-helices, which exhibit high dipole
moments as well, leading to the formation of an effective positive
charge at the Nterminus and a negative charge at Cterminus.

It is now widely accepted that the charge transfer through the pep-
tide spacer is strongly affected by the separation between acceptor
(A) and donor (D) sites, the characteristics of the peptide backbone
along with its secondary structure and the resulting flexibility [36,46].
Since the separation between the donor and acceptor sites is relatively
large, the electronic coupling between them is expected to be weak
[23]. Therefore, ET occurs in a nonadiabatic regime, and its rate constant
(kET) can be described with Fermi's golden rule [47]:

kET ¼ 2π
h

� �
HDAj j2 FCð Þ ð1Þ

where HDA is the electronic coupling matrix element between D and A,
and FC denotes the Franck-Condon factor, which express the contribu-
tion of the nuclear reorganization to the ET rate [47]:

FC ¼ 1

4πλkBTð Þ1=2
exp −

ΔG0 þ λ
� �2

4πλkBT

0
B@

1
CA ð2Þ

In Eq. (2), λ represents the reorganization energy (the energy re-
quired to reorient all atoms from equilibrium state to the product
state), ΔG0 is the Gibbs free energy of ET reaction kB is the Boltzmann
constant, and T is the absolute temperature.

The factors that control the rate of these processes have been inves-
tigated with photo-physical techniques and the results were analyzed
using various methods, including Marcus–Hush theory of electron
tunneling [7,45,48]. Currently, there are two major mechanisms debat-
ing the distance dependence of ET in peptide models: a bridge-assisted
superexchange and an electron-hoppingmechanism [22,49]. According
to the hoping mechanism, the electron temporarily resides on the
bridge for a short time during its passing from the donor to the acceptor
and involves sequential tunneling steps between its neighbouring units,
which act as hopping sites [22]; in the superexchange mechanism, the
conjugated bridge only serves as a medium to pass the electron be-
tween the donor and acceptor [36,40]. In a superexchange mechanism,
the ET rate exhibits an exponentially distance dependence, while a lin-
ear distance relationship is expected for a hopping mechanism [36].
Since |HDA| depends on the overlap of the electronic wave functions of
the donor and the acceptor and thus upon the distance r, onwhich elec-
tron tunneling takes place [50], it can be expressed as:

HDAj j2 ¼ HDAj j2 r¼r0ð Þ exp −β r−r0ð Þð Þ ð3Þ
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Where β is a damping factor whose value is typically b1.2 Å−1 for
through-space ET [47].

If r-r0 = lDA is the distance separating the donor from the acceptor,
then the ET rate constant follows an exponential distance dependence,
according to [51]:

kET∝ exp −βlDAð Þ ð4Þ

The tunneling-pathway model predicts decay factors of 1.0 and 1.3
Å−1 for β-strand and α-helix conformations, respectively [52]. Due to
the sharp exponential decay of the ET rate constant with increasing
length of the bridge, the superexchange mechanism is limited to short
distances. The driving force is defined as the difference in the redox po-
tentials of the donor and acceptor (Fermi level in the case of metal). For
low driving forces, the upper limit for tunneling is around 2 nm [52].
Nevertheless, in some proteins, the electron transfer occurs over long
distances, reaching up to 3.5 nm. Here the experimental values of the
damping factors are often below 1.0 Å−1 [7]. The multistep mechanism
involves certain units/functional groups, which can be reversibly oxi-
dized or reduced, and act as relay stations, where the electron/hole re-
sides for a short time before it continues to the next hopping step [23,
53]. In such cases, the distance dependence is much weaker compared
with superexchange mechanism, and can be depicted as [54]:

kET∝
1
N

exp −
Ea
kBT

� �
ð5Þ

where N is the number of hopping sites, and Ea is the activation energy
of ET reaction. Both hopping and superexchange mechanismsmay con-
tribute in an ET system. There is an extensive body of work dedicated to
study of ET through peptide films, but of particular interest for electro-
chemical applications are SAMs of helical peptides (α and 310 configura-
tions) [23,45,55]. The 310-helix is presumed to bemore conductive than
theα-helix (due to the increased number, i→ i+ 3 versus i→ i+ 4, re-
spectively, and, therefore stronger intramolecular H-bonded). Thus, the
310 conformation may be a potential candidate for the ET active con-
former, and the formation rate of this conformation (which is sluggish
in close-packed SAMs compared to that in solutions) controls the over-
all ET rate in helical peptide SAMs [56].

4. Electrochemical methods in peptide-based assays

Electrochemical methods have been extensively used for studying
the electron transfer mediated by peptide bridges [21,49,55,57]. For
this purpose, a three-electrode cell is used, with the peptide-modified
gold electrode as working electrode. In this manner, the redox tag can
be separated from the electrode surface by a certain distance, defined
by the thickness of the adsorbed film. Upon applying the potential, the
electron flow occurs between the redox tag and the electrode's surface,
and the overall process ismediated by themolecules forming themono-
layer [23]. Thus, ET may occur through a two-component SAM having
both electroactive molecules with a covalently attached redox tags
and passive diluent molecules [24,40,58]. The results obtained to-date
clearly show the importance of the monolayers' design for the electro-
chemical studies of mediated electron transfer, particularly when con-
sidering peptides with a covalently attached redox center, such as Fc
[22] or MB [59]. Thus, the optimal design of a redox-peptide system re-
quires co-adsorption of diluent molecules, with adjusted lengths in
order to eliminate the interactions between the charged redox centers.
Both ET mechanisms are available but the dominant one is switchable,
depending on the D/A distance and the reaction driving force of themo-
lecular system.When the electron-transfer distance is short or the driv-
ing force is large, tunneling mechanism is preponderant [7]. One-
component electroactive monolayers usually exhibit significantly faster
standard rate constants, compared with two-component monolayers
containing diluent molecules [60]. In a one-component system, the
electroactive centers are closer to each other, and electron hopping be-
tween them is possible. Also, stronger electrostatic interactions be-
tween charged sites may contribute to the measured rate constant
[48]. In addition, the molecular motion of the peptide backbone may
be hindered by tight molecular packing in highly compact layers. Re-
stricted molecular dynamics may hamper or slow down the electron
transfer [36]. In these conditions it is difficult to distinguish a purely
electrochemical response from an electrochemical signal distorted by
the molecular motion of the molecules on the surface. For example,
the time scale of the electron movement from a ferrocene Fc tag to the
gold surface through a peptide bridge is often slower than the time
scale of molecular motions, especially when external electric field are
applied, forcing chargedmolecule to align itself within the field gradient
[36,56,58,61].The most commonly used electrochemical methods to
measure kET using redox-modified SAM systems are cyclic voltammetry
(CV), alternating current (AC), square wave (SW), differential pulse
(DP) voltammetry, and electrochemical impedance spectroscopy (EIS).

4.1. Cyclic voltammetry

This is the most widely used electrochemical method. In this poten-
tial sweepmethod, the potential is varied and the current resulting from
a redox event is measured. CV does not require sophisticated or expen-
sive equipment, and moreover CV is the electrochemical technique less
affected by the kinetic heterogeneity (distribution of electron transfer
rates due to changes in themolecular environment of the redox reporter
caused by SAM defects [57]. In other words, because of the kinetic het-
erogeneity, kET obtained from electrochemical measurements may con-
tain contributions either from well-organized domains, or from those
which are disordered [59]. From CV measurements one can estimate
the surface coverage and kET and use further for biosensing affinity ap-
plications, since the ET rate from the redox reporter to the electrode sur-
face may be hampered as a response to a specific binding effect and
correlated with the concentration of a target analyte. The surface cover-
age Γ can be estimated from the slope of the dependence of Ip on the
scan rate ν [37,58] and compared to a theoretical maximum based on
the molecular surface area of the adsorbate as in Eq. (6) [57]:

Ip ¼ n2 F2

4RT
νASURΓ ð6Þ

where n is the number of electrons transferred per mole of reaction, F is
the Faraday constant and ASUR is the surface area. The redox potential,
E0, is calculated as the average of the anodic and cathodic peak poten-
tials, Epa and Epc, while the peak separation ΔEp, is calculated as the dif-
ference Epa − Epc. The peak separation increases at high values of the
scan rate, but at slow scan rates the peak separation is practically zero
because the redox center is adsorbed onto the electrode and diffusion
does not play a role [62,63]. The overpotential η defined as the differ-
ence Ep − E0 can be used further to estimate kET, since for each scan
rate ν, the ET rate constant at a particular value of η (ks(η)), can be cal-
culated as:

ks ¼ Ip
Q

ð7Þ

where Q is the total passed charge.
In the experimental setup, the initial potential is selected such that

the oxidation state of the redox centers remains unchanged at the
start of a scan. The potential is scanned past the formal potential E0 to
a point at which the current returns to baseline. The scan direction is
then reversed and returned to the initial starting potential. In the fol-
lowing experiments the scan rate is varied to give a range of η values
that can be used in the Tafel plot η vs. log ks(η) to estimate kET [64]. CV
was used often either to verify the insulating properties and the integri-
ty of SAMs [22,45,48] to calculate the influence of the peptide
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macrodipole over kET and the surface coverage [23,37,40,55,61,64]. Re-
cently, electrodes fabricated from double walled carbon nanotubes
DWCNTs) were covalently loaded with Fc-modified aminoisobutyric
acid peptide, and the ET rates capabilities were probed with CV. The
CNT electrodes comprised of double walled CNTs (DWCNTs) demon-
strated significantly higher peak current compared to their single
walled counterparts (SWCNTs). This fact was attributed to a higher
loading of the Fc-modified peptide to the outer wall of the nanotube,
through the presence of a larger number of defects sites within the sp2

carbon lattice for the DWCNTs [65]. The apparent ET rate constants of
the Aib5-Fc decorated DWCNT and SWCNT were calculated using
Laviron'smethod for the condition ofΔEp b 200mV [57]. By considering
the transfer coefficient, α, to be 0.3–0.7, the average ET rate constants,
kapp, were estimated according to the equation:

kapp ¼ mνnF
RT

ð8Þ

where m was s a dimensionless parameter related to the peak-to peak
separation [65]. From the slope of the plot of ν = f(m − 1), the term
mν was estimated and hence kapp determined. The kapps for the
DWCNT and SWCNT electrodes were 31 ± 6 s−1, and 23 ± 2 s−1, re-
spectively. These values are comparable to ET rates reported for other
redox bound vertically aligned CNT arrays on cysteamine modified
gold [66]. These results indicated that DWCNTs may offer an attractive
alternative to SWCNTs in building electrochemical sensors. Yet for bio-
sensing applications involving peptide ligands, SWV is by far the
voltammetric technique preserving the advantages of CV in terms of
simplicity and cost-effectiveness, and also providing enhanced sensitiv-
ity [67].

4.2. Square wave- and differential pulse voltammetry

SWV is an electrochemical technique which uses a potential modu-
lation consisting of a staircase potential ramp modified with square-
shaped potential pulses [67]. At each step of the staircase ramp, two
equal in height and oppositely directed potential pulses are imposed.
The latter two potential pulses complete a single potential cycle in
SWV. The potential cycle in SWV is repeated at each step of the staircase
ramp during the SWV experiment [68]. In order tominimize the contri-
bution of the charging current, the current sampling is performed at the
end of each potential pulse. The currents associated with forward and
backward potential pulses (the forward and backward components)
are plotted versus the potential of the staircase ramp (themid potential
of the two neighbouring pulses composing one potential cycle). The net
current (for each potential cycle) is obtained as the difference between
the forward and backward currents of a single potential pulse and rep-
resents the output of a SWV voltammogram [69]. Another related
voltammetric technique is differential pulse voltammetry (DPV),
which uses pulses of constant amplitude superimposed on the potential
linear sweep [70].The current sampling is performed just before and at
the end of the modulation pulse, recording the difference as the result,
in order to minimize the contribution of the charging current. As in
the case of SWV, the plot of the net current vs. potential pulses repre-
sents a symmetrical peak-shaped curve [71].

The decrease or the increase of the net peak current Ip during SWV
or DPW experiments, as response to a specific binding effect occurring
at the electrode functionalized surface, expresses the basic principle of
most peptide based bio- and immunoassays. For example, Li and co-
workers have developed a redox-peptide immunosensor for the epider-
mal growth factor receptor (EGFR), based on a “signalling-on “DPV ap-
proach [11]. Here Fc-modified peptide ligands for EGFR were
immobilized on a gold electrode. Upon the binding of the EGFR target,
an increase of Ip was recorded as a result of increase of the rate at
which the redox label collides with the electrode surface (Fig.4).
The amplitude of the current increase displayed a linear relationship
with logarithm of EGFR concentrations within the range 1 × 10−6 − 1
× 10−10 g ∙L−1, with a limit of detection (LOD) of 3.7 × 10−11 g ∙L−1

in diluted serum samples. However, this approach using immobilized
redox ligand peptide is often affected by voltammetric baseline fluctua-
tions and capacitance current [25] presumably because the ligand pep-
tide in the unbound state cannot be considered structure-free and the
secondary structure of the peptide chain cannot be controlled as in the
case of, for example, short DNA oligomers [72]. To overcome these
drawbacks Puiu and co-workers proposed a modular-built redox-
peptide sensor, targeting the anti-deamidated gliadin peptide (DGP)
antibody [24]. In this modular approach a short helical support peptide
(SP)was immobilized on the surface of a gold electrode and then tagged
with Methylene Blue and with a recognition peptide the alpha-2
deamidated gliadin peptide (DGP), a 33-mer peptide containing the
56–88 residues of alpha gliadin from gluten. The binding of the specific
antibody to the recognition peptide decreased the efficiencywithwhich
the support peptide transferred electrons to the gold surface, leads to a
SW signal decrease (“signalling-off” response) (Fig. 5).

Here a concentration of target antibody of 1 μg ∙mL−1 (6.7 nM) lead
to a 22% signal suppression in diluted serum samples.

In the work ofDing and co-workers, self- assembled nanowires of Fc-
tagged peptides (Fc-PNW) comprising thephenylalanine–phenylalanine
(Phe-Phe) sequence, coated with poly(diallyl dimethyl)ammonium
chloride) (PDDA) were functionalized with gold nanoparticles (AuNps)
and probe antibodies (Ab2) for a sandwich immunoassay targeting
human IgG antibody [73]. The capture antibody (Ab1) was attached
onto a graphene/gold nanoparticle (AuNPs–GN) composite film (Fig. 6).

The binding of the target IgG to the capture antibody followed by the
binding of Fc-PNW-Ab2 causes a sharp increase of the peak current in the
SWV assay. The Fc-peptide electrochemical immunosensor displayed a
low detection limit (5 fg/mL) for human IgG and a wide linear range
encompassing four orders of magnitude (from 10 fg/mL to 100 pg/mL).

4.3. Alternating current voltammetry and electrochemical impedance
spectroscopy

Alternating current (AC) voltammetry, similarly to CV, is a potential
sweep method [57]. A starting and ending potential are specified that
index the E0 of the redox species. Additionally, a sinusoidally oscillating
AC wave is superimposed on the potential waveform. The frequency of
the AC can be varied; themagnitude of the AC oscillations is small com-
pared to the overall voltage variation [74]. The resulting AC is recorded
and the electrochemical response appears as a single peak.

EIS measures the frequency response of a system by measuring the
impedance, Z. To do that, a small AC signal is applied over a range of fre-
quencies at a specified potential. Varying the frequency changes the rel-
ative contribution of each of the elements in equivalent circuit (Randles
circuit model) to the overall impedance. For a ferrocene-modified pep-
tide SAM, the Randles circuit is presented in Fig. 7. Measuring imped-
ances over a wide range of frequencies allows the value of each
individual element of the Randles circuit to be determined [75]. Here
RS is the solution resistance, CPE is the monolayer constant phase ele-
ment (with ZCPE = 1/Q(iω)n, ω being the angular frequency), RET and
CET are the ET resistance and capacitance, respectively [76].

AC voltammetry experiments data combinedwith CV and EIS output
can provide the values of Γ, CET, ASUR and RS. EIS data is generally ana-
lyzed using the Nyquist plot [77]. In Nyquist (complex-plane imped-
ance) plots, the ordinate is the imaginary axis, ZIm, and the abscissa is
the real axis, ZRe [57,78]. The typically fitting programs provided with
the potentiostat software allow the estimation of CET and RET, and
hence kET using Eq. (9) [76]:

kET ¼ 1
2RETCET

ð9Þ



Fig. 4. Increase of the peak current at the binding of the EGFR target to the Fc-modified peptide ligand (MCH is 6-mercaptohexanol). Reproduced from [11] with permission of Elsevier.
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EIS experiments can be quite useful as they allow several different
parameters to be measured in one experiment. The main issues are
due to the non-ideal behaviour of the system which can dramatically
alter the values obtained from analysis based on the Randles circuit
model. These drawbacks can be solved byproviding additional elements
to the Randles circuit [62]. AC voltammetry is used for typical “signalling
on “or signalling off” peptide based-assays for antibody detection [25]
since the analytical AC response is a peak-shaped curve much alike to
SW- and DPV outputs. In contrast to these techniques, AC voltammetry
and EIS are much more time-consuming. Swisher and co-workers have
recently reported an” signalling-off” peptide-based biosensor for mea-
suring the activity of proteases using nanoelectrode arrays (NEAs), fab-
ricated with vertically aligned carbon nanofibers (VACNFs) of around
150 nm in diameter and 3–5 μm in length [79]. Here, two Fc-tagged
tetrapeptides specific to cancer-mediated proteases legumain and ca-
thepsin B were immobilized onto VACNFs. The redox signal of Fc was
measured with AC voltammetry at around 1 kHz frequency on VACNF/
NEAs. This particularly enhanced ACV signal was net superior to the
Fig. 5. Decrease of the net current at the target binding to recognition peptide grafted onto re
ACV output obtained with macroscopic glassy carbon electrodes, due
to the inherent conductive properties of VACNFs. The kinetic parame-
ters of the proteolytic cleavage of the surface-attached tetrapeptides
by proteases were estimated through ACV measurements.

5. Recent achievements in the biosensing area

Besides their use as scaffolds andmimics, redox-tagged peptides are
remarkably robust and versatile building blocks for the preparation of
peptide and protein conjugates, displaying electrochemical sensing
properties [21,56,80]. In such systems, Fc or MB act as the redox re-
porters, while the peptide or protein bridge, plays the role of the recog-
nition element that engages in specific interactionswith the target [21].
Fc and MB tagged peptides/proteins are mostly used in affinity assays
for enzyme and antibodies [24,25]. Moreover, acyclic and cyclic-Fc-
peptides were reported as promising electrochemical sensors for
metal ions and anions, in which the appearance of additional redox
waves indicates the presence of a tight host–guest complex [21,81].
dox-modified peptide support. Reproduced from [24] with permission of RSC Publishing.



Fig. 6. Schematic representation for the synthesis of Fc-Phe-Phe-OMe (A), for the preparation of Fc-PNW-Ab2 (B) and the immunosensor (C). Reproduced from [73] with permission of
Elsevier.
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Simple non-tagged short peptides proved their ability to act as selective
ligands for cations such as copper [29,82]. A brief overview of the latest
achievements for electrochemical peptide-based sensors is presented in
Table 1.
6. Conclusions and outlook

The past decade witnessed a burst of applications for peptide-
based sensors, particularly in the clinical diagnosis area, with
Fig. 7. Randles circuit for analyzing ACV and EIS data obtained with Fc-peptide SAM.
Adapted from [76] with permission of ACS publication.
promising perspective for implementation in point-of-care plat-
forms. Electrochemical transducers coated with conductive peptide
nanocomposite are able to store non-antibody recognition elements
and may be amenable to miniaturized, easy-to-use and portable de-
vices. Despite the great progress achieved, several issues still remain:
the total number of non-antibody recognition elements developed/
discovered is still significantly lower than that of antibodies and bio-
sensing assays based on peptide ligands/recognition elements have
been drastically confined by the non-specific binding of target mole-
cules, resulting in significantly reduced sensitivity, especially for
clinical samples [26]. Besides that, peptide materials have to meet
several criteria: the materials should afford economically scale up
and reproducible material production, purification, processing and
long-term storage; they should be chemically compatible with
aqueous solutions and physiological conditions [3]. We have offered
herein a short overview of themost used electrochemical methods in
the evaluation of conductive properties of peptidic films with appli-
cation in the biosensing area. We are hoping that our work will assist
researchers in their advance for design and development of peptide-
based sensors for biological and clinical applications.



Table 1
Electrochemical peptide-based sensors with peptide ligands for relevant biological targets.

Target Assay Immobilized peptide Redox tag Electrochemical
method

Analytical/kinetic
performance

Transducer Ref.

Matrix
metalloproteinase-9
(MMP-9)

Enzymatic GPLGMWSRC MB CV Linear range:
1pM-1 nM
LOD =7 pM

Au [83]

Trypsin Enzymatic GRPS-PEG disulfide Fc CV Dynamic range:
25 ng/mL to 100
μg/mL
kcat = 1.1 × 10−2

s−1

KM = 7.6 nM

Au [84]

α- thrombin Enzymatic RFSRPQL-PEG disulfide Fc CV Dynamic range:
25 ng/mL to 100
μg/mL
kcat = 1.0 × 10−2

s−1

KM = 10 nM

Au

Plasmin Enzymatic KTKTC Fc DPV LOD = 50 ng/mL
kcat/KM = 63 nM−1

s−1

Au [85]

Epidermal growth
factor receptor

Affinity YHWYGYTPQNVI Fc DPV Linear range
LOD = 3.7 × 10−11

g/L.

Au [11]

Prostate specific
antigen

Affinity HSSKLQL 2-hydroxy-naphtoquinone SWV Dynamic range:
1pM -1 nM

Glassy carbon modified
with 4-azidoaniline

[86]

Amyloid 1–42 Affinity RGTWEGKWK Fc SWV LOD = 240pM Au [87]
HIV anti-p24
antibody

Affinity EAAEWDRVHP MB ACV LOD = 10 nM Au [25]

Legumain Enzymatic H2N-(CH2)4-CO-AAAN-NH-CH2– Fc ACV kcat/KM = 4.3 × 104

M−1 s−1
VACNFs deposited on a
Cr-coated Si chip

[79]

Cathepsin B Enzymatic H2N-(CH2)4-CO-LRFG-NH-CH2- Fc ACV kcat/KM = 1.13 3 ×
104 M−1 s−1

SW620 colorectal
carcinoma cells

Affinity DDAGNRQP – EIS Linear range
2.0 × 102–2.0 × 108

cells/mL
LOD = 79 cells/mL

Au [88]
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