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   Abstract  
  Biological building blocks such as peptides or proteins are able to self-organize 
into nanostructures with particular properties. There are several possibilities for 
their use in varying applications such as drug delivery, biosensing, clean-room 
fabrication methods, and tissue engineering. These biological nanostructures 
have recently been utilized for bionanotechnological applications thanks to their 
easy and low-cost fabrication, their stability, and their facile functionalization. 
These features suggest the usage of self-assembled peptide nanostructures in 
the development of biosensing platforms, and the present chapter explores their 
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use for such purposes. Several immobilization strategies, mechanisms, and 
detected substrates are described. Moreover, different possibilities to function-
alize and modify their structure toward utilization in sensing applications are 
also discussed.  

  Keywords  
  Self-assembly   •   Peptides   •   Biosensors   •   Amperometry   •   Biomedical analysis   • 
  Dielectrophoresis   •   Environmental analysis   •   Impedance   •   Cyclic voltammetry   • 
  Conductive polymers  

        Introduction 

 Traditionally, nanomaterials such as carbon nanotubes (CNTs), silicon nanowires, 
as well as gold, platinum, and silver nanowires or nanoparticles have been used in 
the development of electrochemical and optical biosensors due to their large surface 
area, mechanical stability, electrochemical properties, and advantages in terms of 
signal amplifi cation (Table  1 ). However, issues involving fabrication costs, biocom-
patibility, and functionalization have directed much attention to fi nding alternatives 
to overcome these challenges.

   Self-assembled peptides are natural molecular building blocks able to self- 
organize into structures such as nanofi bers, nanotubes, or nanoparticles. Peptides, 
e.g., the short aromatic dipeptides diphenylalanine or diphenylglycine, octapeptides 
such as NSGAITIG, or more complex linear peptides, have been reported to form 
nanotubes, nanofi bers, or nanoparticles. These structures can, in most cases, be fab-
ricated under very mild conditions: room temperature, aqueous media, and outside 
a clean room. Fabrication costs can thus be lowered as compared with the 

   Table 1    Nanostructures commonly used in the development of electrochemical biosensors   

 Nanostructure  Fabrication method  References 

 Metallic nanowires  Template assisted electrodeposition 
 Electrochemical deposition 
 Electroless deposition 
 Template fi lling 

 [ 1 ] 

 Si nanowires  Reactive ion etching 
 Photolithography 

 [ 2 ] 

 Carbon nanotubes  Chemical vapor deposition 
 Arc discharge 
 Laser ablation 
 Gas-phase catalytic growth 

 [ 3 – 5 ] 

 Polymer nanowires  Electrochemical deposition 
 Template fi lling 
 Reactive ion etching 

 [ 1 ,  6 ] 

 Graphene nanostructures  Exfoliation 
 Chemical vapor deposition 
 Epitaxial growth 

 [ 7 ] 
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fabrication of CNTs or silicon nanowires. Due to these advantages and properties, 
self- assembled peptide nanostructures (SAPNs) have been used in several applica-
tions ranging from tissue engineering to microfabrication processes [ 8 ]. 

 In addition to their easy fabrication, self-assembled peptide nanostructures have 
proven to be resistant to high temperatures and chemical attacks [ 9 ]. Moreover, 
SAPNs are easily functionalized through chemical modifi cation with structures 
such as quantum dots, magnetic and metallic nanoparticles, or enzymes. This leads 
to new possibilities for their utilization in the development of ultrasensitive biosens-
ing devices [ 10 ,  11 ]. 

 Even though SAPNs are not yet mentioned in the literature review articles 
reporting the latest advances in the use of nanomaterials for electrochemical sensing 
[ 5 ,  12 ,  13 ], more and more reports are appearing, presenting the possibilities, 
advantages, and challenges to overcome when using SAPNs for the development 
of electrochemical sensing platforms [ 8 ,  14 – 22 ]. 

 The use of SAPNs involves several challenges. Due to their biological origin, 
their conductivity is very low, and depending of the fabrication method, the control 
of the size of the fi nal structure may prove to be diffi cult; the fabricated structure 
needs to be manipulated and immobilized in specifi c locations and some of the 
SAPNs are not stable in liquid environments [ 15 ]. These challenges need to be 
overcome in order to integrate them with transducers and accelerate their use in the 
fabrication of sensing devices. 

 The present chapter discusses these challenges and present various solutions for 
the use of SAPNs in the development of electrochemical biosensors, as well as 
methods to deposit these nanostructures on transducer surfaces and their decoration 
with functional molecules (such as enzymes, antibodies, conductive polymers) are 
listed and discussed.  

    Fabrication and Deposition of Self-Assembled Peptide 
Nanostructures on Transducers 

 As previously mentioned, one of the features that make SAPNs an attractive option 
for bionanotechnological applications is the easy fabrication under very mild condi-
tions. Numerous techniques have been reported for the synthesis of nanotubes, 
nanofi bers, and nanoparticles using SAPs as building blocks. These synthesis tech-
niques include very simple steps ranging from the dilution and mixing of two liq-
uids containing the precursor compounds in a small container or the controlled 
mixing in a microfl uidic chip to the use of more complex instruments like in the 
case of physical vapor deposition of SAPNs [ 23 – 25 ]. Cyclic, linear, chemically 
modifi ed linear peptides and short aromatic dipeptides have been used for the self- 
assembling of nanostructures using the fabrication techniques mentioned above. 

 One of the simplest methods to fabricate nanostructures through the self- assembly 
of peptides is by mixing a peptide stock solution with a solution that will promote the 
self-assembly of the peptide nanostructure. A very well-documented method is the 
self-assembly of the short aromatic dipeptide diphenylalanine. The dissolution of 
this peptide in 1,1,1,3,3,3-hexafl uoro-2-propanol (HFIP) and further dilution with 
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water cause multiwall nanotubes to form in seconds at room temperature [ 25 ]. 
Another example of the fabrication of peptide nanotubes involves dissolving bis(N-
α-amido-glycylglycine)-1-7-heptane dicarboxylate in water. In this case, the nano-
tubes were formed after 1 week at room temperature [ 26 ]. 

 In both cases, the size of the obtained nanotubes differed both in diameter and 
length. In order to obtain nanostructures with more defi ned dimensions, various 
methods exist, such as on-chip fabrication, where a more controlled mixing of the 
precursor solutions is possible due to a laminar fl ow, or the use of templates that 
defi ne the fi nal diameter of the fabricated nanostructures [ 24 ,  27 ,  28 ]. 

 A novel solid-phase method to grow vertically aligned crystalline peptide nanofi -
bers in the absence of water and driven by aniline vapor was reported by Ryu and 
coworkers [ 29 ]. By using a μ-channeled polydimethylsiloxane (PDMS) mold, a 
micropattern of peptide nanofi bers was fabricated. Figure  1  shows vertically aligned 
self-assembled peptide nanofi bers prepared with the aniline vapor aging method.

   Thanks to this method, it was possible to integrate these biological nanofi bers in 
metallic electrodes for the development of a cell culture-biosensing platform for the 

  Fig. 1    Growth of vertically aligned nanofi bers from an amorphous diphenylalanine thin fi lm 
by high-temperature aniline vapor aging (Figure from Ryu and Park [ 29 ] with permission from 
John Wiley & Sons)       
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detection of neurotransmitters from cells [ 30 ]. This method requires temperatures 
around 140 °C but assures the synthesis of vertically well-aligned peptide nanofi bers. 

 Physical vapor deposition was used for the controlled fabrication of dense and 
homogeneous peptide nanostructures to be used in microelectronics. The employed tech-
nique requires temperatures above 200 °C and the use of more specialized equipment, 
vacuum chambers, heating control systems, and thickness control systems among others, 
but enabled a controlled deposition of either nanotubes or nanofi bers [ 23 ]. 

 Another advantage of the last two preparation techniques is that the peptide nano-
structures can – as they are being fabricated – be deposited on specifi c locations such 
as metallic electrodes or SiO 2  wafers for the development of biosensing devices. 

 Apart from these two methods that require temperatures over 120 °C, other 
deposition techniques can be used at room temperature for the controlled deposition 
of peptide nanostructures on top of transducers. The simplest method to immobilize 
peptide nanostructures on top of electrochemical transducers is the deposition of 
droplets of a solution containing the biological modifi ed or unmodifi ed nanostruc-
tures; once the solvent is evaporated, the nanostructures are physically immobilized 
on the transducer surface. Although this approach is both simple and rapid, it does 
not ensure a stable layer of nanostructures on the transducer surface: when the mod-
ifi ed transducer is dipped in the sample to be measured, some of the nanostructures 
may become detached. In order to prevent this, an additional layer of polymer, e.g., 
poly(allylamine hydrochloride) (PAH), glutaraldehyde, or polyethyleneimine (PEI), 
is added to trap and keep the peptide nanostructures in the desired position [ 31 ,  32 ]. 
Figure  2  displays the use of glutaraldehyde as a cross-linker to immobilize glucose 
oxidase on peptide nanotubes and PEI to keep the functionalized peptide nanotubes 
on top of gold electrodes.

   Dielectrophoresis is a technique where an inhomogeneous electric fi eld is used 
to move a neutral but polarizable particle. It has been used for the controlled deposi-
tion of nanofi bers and nanotubes on top of gold electrodes, as shown in Fig.  3 . After 
deposition of the biological nanostructures on the electrodes, their electrical charac-
terization and utilization as sensors were made possible, as previously reported. 
This deposition technique is a noncontact method ensuring that the peptide nano-
structure does not become damaged during the manipulation step [ 33 – 35 ].

   An inkjet printing technology was used for the deposition of peptide nanotubes 
and nanoparticles forming specifi c patterns on top of indium tin oxide electrodes, as 
shown in Fig.  4 . This method was found to rapidly produce durable patterns at room 
temperature, making it very attractive for the deposition of peptide nanostructures 
at a high scale. However, challenges regarding clogging of the printing device need 
to be overcome [ 36 ].

   Another way to immobilize peptide nanostructures on a transducer, both hori-
zontally and vertically, involves the functionalization of peptide nanostructures 
with magnetic nanoparticles and then exposition of the modifi ed tubes to an exter-
nal magnetic fi eld. With this technique, very highly organized peptide nanotube 
arrays were immobilized on siliconized glass [ 37 ]. 

 A similar approach was used by Zhao and Matsui, in which case antibody- 
functionalized peptide nanotubes were accurately immobilized on protein-patterned 
arrays by optimizing their ligand-receptor interactions. In their work, peptide 
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nanotubes self-assembled from bolaamphiphile peptide monomers were coated with 
antihuman-IgG antibody and immobilized on 150 × 600 nm trenches modifi ed with 
human gamma immunoglobulin (IgG). Perfectly vertically aligned peptide nano-
tubes were deposited on the modifi ed trenches with nearly 100 % effi ciency [ 38 ,  39 ]. 

 The direct transfer of octapeptide fi ber arrays on gold surfaces was achieved 
using laser-induced forward transfer (LIFT). This immobilization technique 
involves a single pulse from a focused laser beam to transfer a peptide solution from 
a donor-coated surface to an acceptor surface [ 40 ]. The method provides the high- 
resolution, noncontact, direct, fl exible, and parallel transfer of more than one type 
of material resulting in the deposition of peptide-based microarrays maintaining the 
biological functions of the nanostructures [ 41 ,  42 ]. As in the case of the physical 
vapor deposition method, this technique requires additional equipment such as laser 
systems, translation stage drivers, and microscopes. 

 In addition to the fabrication and manipulation-immobilization techniques men-
tioned in this section, there are a few others that could interest the reader. However, 
this chapter only presents techniques relevant for the development of electrochemi-
cal biosensors. The readers are thus invited to learn more about other methods to 
fabricate, manipulate, and immobilize SAPNs in some very good reviews and chap-
ters focusing on these topics recently published [ 40 ,  43 ,  44 ].  
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  Fig. 2    Immobilization of 
GOX-modifi ed peptide 
nanotubes on Au 
electrodes using PEI as an 
immobilization matrix 
(Reprinted with permission 
from Yemini, M. et al. 
Peptide nanotube-modifi ed 
electrodes for enzyme- 
biosensor applications. 
Anal. Chem. 77 (16): 
5155–5159. Copyright 
(2005) American Chemical 
Society [ 32 ])       
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  Fig. 3    Immobilization of antibody-coated peptide nanotubes using dielectrophoresis (Figure from 
de la Rica et al. [ 34 ] with permission from John Wiley & Sons)       

  Fig. 4    Scheme of the inkjet printing deposition of self-assembled peptide nanotubes. ( a)  Image of 
a single printing cycle. ( b ) Scanning electron microscopy image of the printed area in  a . ( c ) Image 
of a 10-cycle print on transparent foil (Figure adapted from Adler-Abramovich and Gazit [ 36 ] with 
permission from John Wiley & Sons)       
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    Functionalization of Self-Assembled Peptide Nanostructures 

 An important advantage of self-assembled peptide nanostructures, when compared 
with carbon nanotubes or silicon nanowires, is how easily these biological sub-
strates can be decorated with functional compounds that increase the sensitivity and 
selectivity to the biosensing device. Thanks to the amino acids present on the struc-
ture of the self-assembled peptide, a variety of possible chemical interactions 
between the peptide nanostructure and the functional compound are available and 
have been utilized to decorate the surface of SAPNs. 

 If we focus only on the functionalization of SAPNs with the purpose of using them 
in electrochemical biosensing, we can fi nd that these bionanostructures have been 
decorated with enzymes, antibodies, conductive polymers, metallic nanoparticles, 
and organic acids or integrated with inorganic nanomaterials, just to mention a few. 

 The manner in which SAPNs are functionalized varies depending of the type of 
peptide used to fabricate the nanostructure and the functional groups available on its 
surface. For instance, by taking advantage of the amino groups exposed on the 
external wall of diphenylalanine nanotubes, a biotinylation procedure was employed 
to decorate these nanotubes with gold nanoparticles, InGaP quantum dots, and a 
fl uorescent labeling (Ato-610). The functionalization was performed through a 
rapid chemical reaction without any special requirements regarding equipment or 
temperature [ 45 ]. 

 In a different study, antibodies were anchored via hydrogen bonding on the 
amide groups of self-assembled nanotubes of the bolaamphiphile peptide bis(N-α- 
amido-glycylglycine)-1,7-heptane dicarboxylate [ 38 ]. Using the same type of 
bolaamphiphile peptide nanotubes,  Candida rugosa  lipase – an enzyme previously 
used for the potentiometric detection of pesticides [ 46 ] – was encapsulated inside 
the nanotubes with a simple incubation process. The immobilization of the enzyme 
was possible via hydrogen bonding between amide groups present in the nanotube 
structure and the complementary functional groups of the enzyme [ 26 ]. This func-
tionalization process required the incubation of the enzyme with the nanotubes 
during 1 week at 4 °C. A scheme of the functionalization process is shown in Fig.  5 . 
This encapsulation process resulted in a catalytic activity of the enzyme which was 
33 % higher than for a free-standing enzyme at room temperature.

   Horseradish peroxidase and glucose oxidase, enzymes used for the electrochem-
ical detection of hydrogen peroxide and glucose, were encapsulated within the 
internal cavity of diphenylalanine peptide nanotubes by capillary effect [ 47 ,  48 ]. 
The self-assembled nanotubes were incubated in the respective enzyme solutions at 
5 °C during 1 week with constant shaking. The encapsulation of the enzymes inside 
the peptide nanostructures was confi rmed by scanning transmission electron micros-
copy (STEM). 

 Kasotakis and coworkers presented a means to incorporate metallic nanoparti-
cles at specifi c locations of nanofi bers formed by self-assembly of the octapeptides: 
NSGAITIG, NCGAITIG, CNGAITIG, and CSGAITIG from the fi ber protein of 
adenovirus [ 49 ]. The functionalization involved the mixing and incubation during 
18 min of the peptide fi bril solution with an aqueous solution of the metal salt 
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(AgNO 3 , HPtCl 6  H 2 O, or HAuCl 4  3H 2 O). After the incubation, a reducing agent was 
added (1 % citric or ascorbic acid depending of the salt used). The mixed solution 
was then incubated during 1 h at room temperature. Figure  6  illustrates the 
NSGAITIG nanofi bers after incubation with a platinum solution.
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O
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(<0.009mg/mL)

  Fig. 5    Scheme of the immobilization of  Candida rugosa  lipase inside bolaamphiphile nanotubes 
(Reprinted with permission from Yu, L.T. et al. Fabrication and application enzyme-incorporated 
peptide nanotubes. Bioconjugate Chem. 16 (6): 1484–1487. Copyright (2005) American Chemical 
Society [ 26 ])       

  Fig. 6    Transmission electron microscopy images of the deposition of platinum on octapeptide 
nanofi brils. ( a ) Fibrils formed from the NSGAITIG peptide; ( b ) NCGAITIG peptide; ( c ) 
CNGAITIG peptide; ( d ) CSGAITIG peptide (Figure from Kasotakis et al. [ 49 ] with permission 
from John Wiley & Sons)       

 

 

35 Self-Assembled Peptide Nanostructures for the Development…



1134

   Glucose oxidase was covalently immobilized on the surface of EAK16-II 
nanofi bers using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC)/N-hydroxysuccinimide (NHS) coupling. The functionalized EAK16-II 
nanofi bers were deposited on highly ordered pyrolytic graphite for the amperomet-
ric detection of glucose. As in the case of the  Candida rugosa  lipase encapsulated 
on bolaamphiphile nanotubes, the activity and stability of the immobilized glucose 
oxidase were increased [ 50 ]. 

 A recent study reported on the use of EDC as a linker agent between folic acid 
and diphenylalanine peptide nanotubes [ 51 ]. The functionalized peptide nanotubes 
were then deposited on a graphene electrode in order to capture cancer cells over- 
expressing folate receptors. The folic acid-functionalized self-assembled nanotubes 
were characterized using atomic force microscopy (AFM). 

 The templated polymerization of polyaniline (PANI), a conductive polymer, on 
the external wall of self-assembled peptide nanofi bers was reported by Ryu [ 52 ]. 
For this, the formed nanofi bers were immersed in a polymerizing solution of aniline 
for a desired time without stirring. The result was the formation of peptide nanofi -
bers/PANI core/shell nanostructures, as shown in Fig.  7 . Through doping/dedoping 
tests and electrochemical characterization, it was confi rmed that the peptide/PANI 
nanofi bers were electrochemically active.

   Another example of the integration of SAPNs with conductive polymers was 
demonstrated by Hamedi and coworkers. Their work involved the decoration 
of amyloid fi brils synthesized from bovine insulin with poly(3,4- 
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS). The PEDOT- 
functionalized amyloid fi brils were used to fabricate an electrochemical 
transistor device [ 53 ]. 

 The same type of nanofi bers was functionalized with Co 3 O 4  nanostructures by 
treating the peptide nanofi bers with 1 mM CoCl 2  solution in 10 mM Tris (pH 7.0) 

  Fig. 7    Cross-sectional scanning electron microscope images of bare ( left image ) and PANI covered 
( right image ) self-assembled peptide nanofi bers (Figure from Ryu and Park [ 52 ] with permission 
from John Wiley & Sons)       
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overnight and reducing the adsorbed Co 2+  ions with 5 mM NaBH 4 . The resultant 
peptide/Co 3 O 4  composite nanofi bers were then subjected to structural and electro-
chemically characterizations [ 54 ]. 

 Finally, an interesting example of the integration of SAPNs with carbon nanostruc-
tures was developed in order to fabricate peptide/graphene hybrid assemblies into core/
shell nanowires by a single-step solution process. The prepared core/shell nanowires 
exhibited electroconductivity suggesting their use as a supercapacitor electrode [ 55 ]. 

 As presented in the previous examples, there are many possibilities to function-
alize SAPNs with a variety of functional molecules in order to improve the perfor-
mance of the developed electrochemical sensing platform. These functionalization 
methods vary depending on the peptide used for the synthesis of the nanostructure 
and the target of the biosensing platform.  

    Applications 

 A majority of the electrochemical biosensing devices developed using SAPNs are 
used for the detection of relevant compounds in two main fi elds: biomedical and 
environmental applications. For the detection of these compounds, electrochemical 
techniques such as amperometry, cyclic voltammetry, and square wave voltamme-
try and impedance have been applied. 

 As mentioned before, SAPNs can be employed to encapsulate or support the 
biorecognition element in its structure. Additionally, SAPNs have been integrated 
with carbon nanomaterials such as graphene or carbon nanotubes in order to add 
extra functionalities. 

 Table  2  summarizes some of the electrochemical biosensors fabricated using 
SAPNs.

      Biomedical Applications 

 Glucose and hydrogen peroxide are compounds of biomedical relevance that are 
connected with the diagnosis of diseases such as diabetes. The detection of glucose 
constitutes one of the biggest markets in the electrochemical biosensing industry 
[ 56 ,  57 ]. SAPNs offer a new alternative for the development of electrochemical 
biosensors aimed to follow changes in the concentrations of glucose, hydrogen per-
oxide, neurotransmitters, and metals involved in different pathologies. 

 Glucose oxidase was attached to peptide nanotubes through Traut’s reagent 
for the electrochemical detection of glucose [ 32 ]. The modifi ed nanotubes were 
then attached to a gold electrode using glutaraldehyde as a cross-linker as 
depicted in Fig.  2 . 

 The electrochemical detection of tumor necrosis factor α (TNF-α) was reported 
using a biosensor combining ferrocene carboxylic acid-functionalized peptide 
nanofi bers [ 58 ]. The sensor response was linear from 5 pg/mL to 10 ng/mL with a 
calculated detection limit of 2 pg/mL. 
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 Vertically aligned self-assembled peptide nanofi bers patterned on a microchip 
containing gold electrodes were used to fabricate a combined cell culture- biosensing 
platform for the detection of dopamine released from PC12 cells [ 30 ,  59 ]. The 
advantage of this combined platform was that it offered a 3D environment mimick-
ing the situation experienced by cells in vivo and at the same time enabled the in situ 
detection of the neurotransmitter release upon stimulation with KCl, decreasing the 
loss of the signal due to the diffusion of the sample in the electrolyte. 

 Figure  8  shows PC12 cells grown on top of vertically aligned peptide nanofi bers 
and the amperometric signal corresponding to the release of dopamine.

   Folic acid, a ligand used for targeting cell membranes was deposited on the 
external wall of self-assembled peptide nanotubes; these functionalized nanotubes 
were then immobilized on graphene electrodes for the electrochemical detection of 
cancer cells over-expressing folate receptors [ 51 ]. A limit of detection of 250 cells/
mL was obtained with the developed biosensor. This sensing platform could be used 
also with cells infected with parasites causing tropical disease such as leishmaniasis 
or Chagas disease over-expressing folate receptors.  

    Environmental Applications 

 Lead is a highly toxic heavy metal and environmental pollutant that can be poison-
ous at very low concentrations [ 60 ]. By taking advantage of the high affi nity and 
specifi city of some peptides to bind target metals, a Pb ion biosensor could be fab-
ricated by integrating a gold transducer with self-assembled peptide nanotubes able 
to bind Pb ions and template the growth of Pb crystals via molecular recognition [ 61 ]. 
The biosensor was highly selective, displaying a linear response between 0 and 1 
nM Pb II , and the signal was not affected by the presence of other heavy metals such 
as Hg II , Zn II , Co II , or Cu II  as shown in Fig.  9 .

  Fig. 8    Scanning electron microscope image of PC-12 cells on top of vertically aligned peptide 
nanofi bers for the electrochemical detection of dopamine ( left ). Amperometric current-time curve 
corresponding to the dopamine release from PC12 cells triggered with KCl ( right ) (Reprinted with 
permission from Taskin, M. et al. Combined cell culture-biosensing platform using vertically 
aligned patterned peptide nanofi bers for cellular studies. ACS Appl. Mater. & Interf. 5 (8): 
3323–3328. Copyright (2013) American Chemical Society [ 30 ])       
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   In a study aimed to detect phenol, a graphite electrode was coated with 
tyrosinase- functionalized diphenylalanine peptide nanotubes [ 62 ]. Phenol concen-
trations as low as 50 nM were recorded using the developed electrochemical bio-
sensor. The deposition of the tyrosinase-functionalized nanotubes resulted in an 
increased surface area between 0.06 and 0.07 cm 2  compared with an unmodifi ed 
graphite electrode.   

    Conclusions and Outlook 

 Due to its mild fabrication conditions, low-cost synthesis, and easy functionaliza-
tion, self-assembled peptide nanostructures are being used in the development of 
electrochemical biosensors. SAPNs can be immobilized on electrochemical trans-
ducers using cross-linking agents, physical adsorption or deposited using dielectro-
phoresis. Different functional molecules are used to decorate the structure of SAPNs 
in order to improve the sensitivity and selectivity of the biosensing device. 
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  Fig. 9    Ultrasensitive detection of Pb (II) using an electrochemical biosensor with peptide nano-
tubes ( a ) in the absence of Pb (II) and ( b ) in the presence of 0.01 nm Pb (II); ( c ) conductance of 
the peptide nanotubes after incubation with different heavy metal ions (Figure from de la Rica 
et al. [ 61 ] with permission from John Wiley & Sons)       
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 Additionally, SAPNs were integrating with carbon materials (e.g., carbon 
nanotubes and graphene) and conductive polymers (e.g., PANI, PPY) in order to 
produce hybrid nanomaterials. Up to now electrochemical biosensors fabricated 
using SAPNs were applied for the detection of samples in two main areas: biomedi-
cal and environmental. Samples such as neurotransmitter metal, ions, and cancer 
cells among others are some of the compounds detected using this type of electro-
chemical sensors. 

 Studies evaluating the immunogenicity and toxicity of SAPNs could accelerate 
its use in implantable electrochemical biosensors. Additionally, new immobilization 
methods aiming to produce a more stable layer containing SAPNs together with the 
biorecognition element will improve the stability and reproducibility of the biosens-
ing platforms and will expand its use in new application fi elds. Deposition methods 
such as inkjet print or airbrush will be convenient techniques for the industrial pro-
duction of SAPNs paper-based electrochemical biosensors for point-of-care devices.     

   References 

     1.    Garcia M, Batalla P, Escarpa A (2014) Metallic and polymeric nanowires for electrochemical 
sensing and biosensing. Trends Anal Chem 57:6–22  

    2.    Choi Y, Moon D, Choi J, Ahn J (2014) Fabrication of nanowires and their applications. In: Kim 
DM, Jeong YH (eds) Nanowire fi eld effect transistors: principles and applications. Springer, 
New York  

    3.    Du F, Zhu L, Dai L (2013) Carbon nanotube-based electrochemical biosensors. In: Li J, Wu N 
(eds) Biosensors based on nanomaterials and nanodevices. CRC Press, Boca Raton  

   4.    Guell AG, Meadows KE, Dudin PV, Ebejer N, Macpherson JV, Unwin PR (2014) Mapping 
nanoscale electrochemistry of individual single-walled carbon nanotubes. Nano Lett 
14:220–224  

     5.    Wanekaya AK, Chen W, Myung NV, Mulchandani A (2006) Nanowire-based electrochemical 
biosensors. Electroanalysis 18:533–550  

    6.    Andersen KB, Christiansen NO, Castllo-León J, Rozlosnik N, Svendsen WE (2013) Fabrication 
and characterization of PEDOT nanowires based on self-assembled peptide nanotube lithography. 
Organ Electron 14:1370–1375  

    7.    Guo CX, Ng SR, Li CM (2013) Graphene-based electrochemical biosensors. In: Li J, Wu N 
(eds) Biosensors based on nanomaterials and nanodevices. CRC Press, Boca Raton  

     8.    de la Rica R, Matsui H (2010) Bioinspired target-specifi c crystallization on peptide nanotubes 
for ultrasensitive Pb ion detection. Chem Soc Rev 39:3499–3509  

    9.    Ryu J, Park CB (2010) High stability of self-assembled peptide nanowires against thermal, 
chemical, and proteolytic attacks. Biotechnol Bioeng 105:221–230  

    10.    Scanlon S, Aggeli A (2008) Self-assembling peptide nanotubes. Nano Today 3:22–30  
    11.    Yan XH, Zhu PL, Li JB (2010) Self-assembly and application of diphenylalanine-based nano-

structures. Chem Soc Rev 39:1877–1890  
    12.    Chen AC, Chatterjee S (2013) Nanomaterials based electrochemical sensors for biomedical 

applications. Chem Soc Rev 42:5425–5438  
    13.    Li HH, Liu SQ, Dai ZH, Bao JC, Yang XD (2009) Applications of nanomaterials in electro-

chemical enzyme biosensors. Sensors 9:8547–8561  
    14.    Amit M, Cheng G, Hamley IW, Ashkenasy N (2012) Conductance of amyloid beta based 

peptide fi laments: structure-function relations. Soft Matter 8:8690–8696  
    15.    Andersen KB, Castillo-Leon J, Hedstrom M, Svendsen WE (2011) Stability of diphenylalanine 

peptide nanotubes in solution. Nanoscale 3:994–998  

35 Self-Assembled Peptide Nanostructures for the Development…



1140

   16.    Beker P, Koren I, Amdursky N, Gazit E, Rosenman G (2010) Bioinspired peptide nanotubes as 
supercapacitor electrodes. J Mater Sci 45:6374–6378  

   17.    Carny O, Shalev DE, Gazit E (2006) Fabrication of coaxial metal nanocables using a self- 
assembled peptide nanotube scaffold. Nano Lett 6:1594–1597  

   18.    del Mercato LL, Pompa PP, Maruccio G, Della Torre A, Sabella S, Tamburro AM, Cingolani 
R, Rinaldi R (2007) Charge transport and intrinsic fl uorescence in amyloid-like fi brils. Proc 
Natl Acad Sci U S A 104:18019–18024  

   19.    Lakshmanan A, Zhang SG, Hauser CAE (2012) Short self-assembling peptides as building 
blocks for modern nanodevices. Trends Biotechnol 30:155–165  

   20.    Scheibel T, Parthasarathy R, Sawicki G, Lin XM, Jaeger H, Lindquist SL (2003) Conducting 
nanowires built by controlled self-assembly of amyloid fi bers and selective metal deposition. 
Proc Natl Acad Sci U S A 100:4527–4532  

   21.    Takahashi R, Wang H, Lewis JP (2007) Electronic structures and conductivity in peptide nano-
tubes. J Phys Chem B 111:9093–9098  

    22.    Xu HX, Das AK, Horie M, Shaik MS, Smith AM, Luo Y, Lu XF, Collins R, Liem SY, Song 
AM, Popelier PLA, Turner ML, Xiao P, Kinloch IA, Ulijn RV (2010) An investigation of the 
conductivity of peptide nanotube networks prepared by enzyme-triggered self-assembly. 
Nanoscale 2:960–966  

     23.    Adler-Abramovich L, Aronov D, Beker P, Yevnin M, Stempler S, Buzhansky L, Rosenman G, 
Gazit E (2009) Self-assembled arrays of peptide nanotubes by vapour deposition. Nat 
Nanotechnol 4:849–854  

    24.    Castillo-Leon J, Rodriguez-Trujillo R, Gauthier S, Jensen ACO, Svendsen WE (2011) Micro-
“factory” for self-assembled peptide nanostructures. Microelectron Eng 88:1685–1688  

     25.    Reches M, Gazit E (2003) Casting metal nanowires within discrete self-assembled peptide 
nanotubes. Science 300:625–627  

       26.    Yu LT, Banerjee IA, Gao XY, Nuraje N, Matsui H (2005) Fabrication and application of 
enzyme-incorporated peptide nanotubes. Bioconjugate Chem 16:1484–1487  

    27.    Porrata P, Goun E, Matsui H (2002) Size-controlled self-assembly of peptide nanotubes using 
polycarbonate membranes as templates. Chem Mat 14:4378–4381  

    28.    Tarabout C, Roux S, Gobeaux F, Fay N, Pouget E, Meriadec C, Ligeti M, Thomas D, Ijsselstijn 
M, Besselievre F, Buisson DA, Verbavatz JM, Petitjean M, Valery C, Perrin L, Rousseau B, 
Artzner F, Paternostre M, Cintrat JC (2011) Control of peptide nanotube diameter by chemical 
modifi cations of an aromatic residue involved in a single close contact. Proc Natl Acad Sci U 
S A 108:7679–7684  

     29.    Ryu J, Park CB (2008) High-temperature self-assembly of peptides into vertically well-aligned 
nanowires by aniline vapor. Adv Mater 20:3754  

       30.    Taskin MB, Sasso L, Dimaki M, Svendsen WE, Castillo-Leon J (2013) Combined cell culture- 
biosensing platform using vertically aligned patterned peptide nanofi bers for cellular studies. 
ACS Appl Mater Interfaces 5:3323–3328  

    31.    Cipriano TC, Takahashi PM, de Lima D, Oliveira VX, Souza JA, Martinho H, Alves WA 
(2010) Spatial organization of peptide nanotubes for electrochemical devices. J Mater Sci 
45:5101–5108  

      32.    Yemini M, Reches M, Gazit E, Rishpon J (2005) Peptide nanotube-modifi ed electrodes for 
enzyme-biosensor applications. Anal Chem 77:5155–5159  

    33.    Castillo J, Tanzi S, Dimaki M, Svendsen W (2008) Manipulation of self-assembly amyloid 
peptide nanotubes by dielectrophoresis. Electrophoresis 29:5026–5032  

    34.   de la Rica R, Mendoza E, Lechuga LM and Matsui H (2008) Label-free pathogen detection 
with sensor chips assembled from peptide nanotubes. Angew Chem-Int Edit 47:9752–9755  

    35.    Domigan L, Andersen KB, Sasso L, Dimaki M, Svendsen WE, Gerrard JA, Castillo-Leon J 
(2013) Dielectrophoretic manipulation and solubility of protein nanofi brils formed from crude 
crystallins. Electrophoresis 34:1105–1112  

     36.    Adler-Abramovich L, Gazit E (2008) Controlled patterning of peptide nanotubes and nanospheres 
using inkjet printing technology. J Pept Sci 14:217–223  

J. Castillo-León et al.



1141

    37.    Reches M, Gazit E (2006) Controlled patterning of aligned self-assembled peptide nanotubes. 
Nat Nanotechnol 1:195–200  

     38.    Zhao Z, Matsui H (2007) Accurate immobilization of antibody-functionalized peptide nano-
tubes on protein-patterned Arrays by optimizing their ligand-receptor interactions. Small 3:
1390–1393  

    39.    Zhao ZY, Banerjee PA, Matsui H (2005) Simultaneous targeted immobilization of anti-human 
IgG-coated nanotubes and anti-mouse IgG-coated nanotubes on the complementary antigen- 
patterned surfaces via biological molecular recognition. J Am Chem Soc 127:8930–8931  

     40.    Farsari M, Mitraki A (2011) Self-assembled peptide nanostructures and their controlled posi-
tioning on surfaces. In: Kumar C (ed) Nanomaterials for the life sciences, vol 10. Wiley-VCH, 
Weinham  

    41.    Dinca V, Kasotakis E, Catherine J, Mourka A, Mitraki A, Popescu A, Dinescu M, Farsari M, 
Fotakis C (2007) Development of peptide-based patterns by laser transfer. Appl Surf Sci 
254:1160–1163  

    42.    Dinca V, Kasotakis E, Catherine J, Mourka A, Ranella A, Ovsianikov A, Chichkov BN, Farsari 
M, Mitraki A, Fotakis C (2008) Directed three-dimensional patterning of self-assembled pep-
tide fi brils. Nano Lett 8:538–543  

    43.    Castillo J, Dimaki M, Svendsen W (2011) Micro and nano techniques for the handling of 
biological samples. CRC Press, Boca Raton  

    44.    Castillo J, Dimaki M, Svendsen WE (2009) Manipulation of biological samples using micro 
and nano techniques. Integr Biol 1:30–42  

    45.    Reches M, Gazit E (2007) Biological and chemical decoration of peptide nanostructures via 
biotin-avidin interactions. J Nanosci Nanotechnol 7:2239–2245  

    46.    Kartal F, Kilinc A, Timur S (2007) Lipase biosensor for tributyrin and pesticide detection. 
Int J Environ Anal Chem 87:715–722  

     47.   Park BW, Yoon DY, Kim DS (2010) Encapsulation of enzymes inside peptide nanotube for 
hydrogen peroxide detection. ECS transactions, Las Vegas, NV, 2010  

     48.    Park BW, Zheng R, Ko KA, Cameron BD, Yoon DY, Kim DS (2012) A novel glucose bio-
sensor using bi-enzyme incorporated with peptide nanotubes. Biosens Bioelectron 
38:295–301  

     49.    Kasotakis E, Mossou E, Adler-Abramovich L, Mitchell EP, Forsyth VT, Gazit E, Mitraki A 
(2009) Design of metal-binding sites onto self-assembled peptide fi brils. Biopolymers 
92:164–172  

     50.    Yang H, Fung SY, Pritzker M, Chen P (2009) Ionic-complementary peptide matrix for enzyme 
immobilization and biomolecular sensing. Langmuir 25:7773–7777  

      51.    Castillo JJ, Svendsen WE, Rozlosnik N, Escobar P, Martineza F, Castillo-Leon J (2013) 
Detection of cancer cells using a peptide nanotube-folic acid modifi ed graphene electrode. 
Analyst 138:1026–1031  

     52.    Ryu J, Park CB (2009) Synthesis of Diphenylalanine/Polyaniline Core/Shell Conducting 
Nanowires by Peptide Self-Assembly. Angew Chem Int Ed 48:4820–4823  

    53.    Hamedi M, Herland A, Karlsson RH, Inganas O (2008) Electrochemical devices made from 
conducting nanowire networks self-assembled from amyloid fi brils and alkoxysulfonate 
PEDOT. Nano Lett 8:1736–1740  

    54.    Ryu J, Kim SW, Kang K, Park CB (2010) Mineralization of Self-assembled Peptide Nanofi bers 
for Rechargeable Lithium Ion Batteries. Adv Mater 22:5537–5541  

    55.    Han TH, Lee WJ, Lee DH, Kim JE, Choi EY, Kim SO (2010) Peptide/Graphene Hybrid 
Assembly into Core/Shell Nanowires. Adv Mater 22:2060  

    56.    Turner A (2013) Biosensors: then and now. Trends Biotechnol 31:119–120  
    57.    Turner APF (2013) Biosensors: sense and sensibility. Chem Soc Rev 42:3184–3196  
     58.    Sun ZF, Deng L, Gan H, Shen RJ, Yang MH, Zhang Y (2012) Sensitive immunosensor for 

tumor necrosis factor alpha based on dual signal amplifi cation of ferrocene modifi ed self- 
assembled peptide nanowire and glucose oxidase functionalized gold nanorod. Biosens 
Bioelectron 39:215–219  

35 Self-Assembled Peptide Nanostructures for the Development…



1142

     59.    Sasso L, Vedarethinam I, Emneus J, Svendsen WE, Castillo-Leon J (2012) Self-assembled 
Diphenylalanine nanowires for cellular studies and sensor applications. J Nanosci Nanotechnol 
12:3077–3083  

    60.    Brodkin E, Copes R, Mattman A, Kennedy J, Kling R, Yassi A (2007) Lead and mercury 
exposures: interpretation and action. Can Med Assoc J 176:59–63  

      61.    de la Rica R, Mendoza E, Matsui H (2010) Bioinspired target-specifi c crystallization on 
peptide nanotubes for ultrasensitive pb ion detection. Small 6:1753–1756  

     62.    Adler-Abramovich L, Badihi-Mossberg M, Gazit E, Rishpon J (2010) Characterization of 
peptide-nanostructure-modifi ed electrodes and their application for ultrasensitive environmental 
monitoring. Small 6:825–831  

    63.    Cho EC, Choi JW, Lee MY, Koo KK (2008) Fabrication of an electrochemical immunosensor 
with self-assembled peptide nanotubes. Colloid Surf A Physicochem Eng Asp 313:95–99  

    64.    Yemini M, Reches M, Rishpon J, Gazit E (2005) Novel electrochemical biosensing platform 
using self-assembled peptide nanotubes. Nano Lett 5:183–186  

    65.    Yuan JH, Chen JR, Wu XH, Fang KM, Niu L (2011) A NADH biosensor based on diphenylala-
nine peptide/carbon nanotube nanocomposite. J Electroanal Chem 656:120–124  

    66.    Viguier B, Zor K, Kasotakis E, Mitraki A, Clausen CH, Svendsen WE, Castillo-Leon J (2011) 
Development of an electrochemical meta-ion biosensor using self-assembled peptide nanofi brils. 
ACS Appl Mater Interfaces 3:1594–1600    

J. Castillo-León et al.


	35 Self-Assembled Peptide Nanostructures for the Development of Electrochemical Biosensors
	Introduction
	 Fabrication and Deposition of Self-Assembled Peptide Nanostructures on Transducers
	 Functionalization of Self-Assembled Peptide Nanostructures
	 Applications
	Biomedical Applications
	 Environmental Applications

	 Conclusions and Outlook
	References


