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Detection of specific protein analytes is a technique widely used 

in disease diagnosis. Central to this approach is the fabrication 

of a sensing platform displaying a functional recognition element 

specific for the analyte targeted for detection. The most 

commonly utilised type of recognition element used for this 

purpose are antibodies, However direct generation of surfaces 

with high functional binding activity when using antibodies 

frequently presents a challenge, due to the conformational 

changes undergone by these molecules when physisorbed on a 

solid surface and/or variable activity when immobilized by 

covalent coupling techniques. Here, we present a novel label-free 

protein sensing platform based on a simplified and standardized 

immobilization process.  The platform consists of self-assembled 

redox protein; Azurin (Az), that acts as scaffold, while sensing 

specificity is achieved through receptors that are coupled with 

chemical groups available on the surface of the Az protein. The 

redox activity of the Az within the sensing surface enables a 

label-free electrochemical detection method that can be readily 

miniaturized. We have observed a significant change in the 

electrochemical characteristic of the assay, upon a specific 

molecular interaction. A new model is also developed that can 

aid the future development of redox based bio-sensing 

techniques. 

One of the consistent challenges remaining in the 

development of specific, high sensitivity platforms for biological 

sensing is the integration of recognition elements into the sensing 

surface used to provide the transduction signal. Antibodies, 

whilst providing a robust binding molecule, provide a challenge 

to the development of consistent biosensor surfaces due to direct 

immobilsation frequently exhibiting unpredictable changes in 

function depending on the sensor substrate material in 

combination with immobilization mechanism used (i.e. 

physisorption, chemical conjugation and choice of chemical 

conjugation type used)
 1-3

. Generic mechanisms of linking 

transduction of molecular binding events to a sensor platform 

therefore remain of interest in the development of sensor 

platforms.  

Adsorbed, redox active Self-Assembled Monolayers (SAMs) 

on metal have attracted considerable research efforts in the past 

two decades
4-15

. Recently, in addition to providing a model 

system for investigating interfacial electron transfer processes, 

redox active SAMs have found a new application in 

biomolecular detection by monitoring changes in the 

electrochemical environment of ferrocene-SAMs upon 

biomolecular interaction
16

. The challenge in such application is 

the implementation of a controlled immobilization process for 

the detection platform. This is especially difficult in the case of 

protein sensing because proteins have a complicated structure 

and can change folding depending on the environment. As a 

result, the platform has to be tailor-made to a particular target. In 

our approach, receptors are coupled to a scaffold consisting of 

the redox metalloprotein, Azurin (Az). This scaffold enables a 

standard self-assembled process whereas the specificity is 

provided by coupling different receptors to the Az. Furthermore, 

the scaffold protein provides redox activity enabling label-free 

detection. For the first time, we observed a significant switching 

of electrochemical characteristics of the SAM upon specific 

biomolecular interactions, which can be used as the basis of a 

novel mechanism for interrogating biomolecule detection.   

Az is a metalloprotein which contains a copper ion cofactor 

that is bound by five amino acids
17

. The natural function of Az is 

to mediate electron transfer in denitrifying bacteria, but an 

increasing number of applications in molecular electronics are 

reported
18-23

. By exploiting the Cys3-Cys26 disulfide bond on the 

Az, a compact and highly ordered Az self-assembled monolayer 

can be formed on Au. Thiolated polyethylene glycol (PEG), 

which has been shown to reduce non-specific electrochemical 

signals in complex samples
24

, is then used to passivate the 

remaining bare Au sites of the electrode, as shown in Figure 1a. 

When adsorbed onto the electrode, the copper ion can exchange 

electrons with the underlying electrode. To demonstrate the 
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applicability of the platform towards protein sensing, biotin was 

coupled to Az via accessible amine groups present on the Az 

protein (Figure 1b) using a simple amine coupling chemistry. 

This provides a simple model system for the investigation of the 

effects of protein binding through the use of Streptavidin as a 

model analyte. The coverage of the biotinylated Az on gold 

substrate was characterized with Quartz Crystal Microbalance 

(QCM), yielding an approximate coverage of 4.6 x 10
12

 cm
-2

. 

This is of the same order of magnitude as the theoretical 

maximum coverage assuming Az has a circular shape of 

diameter 5.5 nm. The binding of the Streptavidin with the 

biotinylated Az platform was monitored with AC voltammetry, 

Electrochemical Impedance Spectroscopy (EIS) and also carried 

out in real time with QCM. (Please refer to the supporting 

information for the QCM measurements.)  

Polyethylene

glycol

Azurin

e-

Au         
(a)           (b) 

Figure 1 (a) Schematic representation of the Azurin monolyer 

(b) Structure model of Azurin. The lysine residues targeted by 

the amine coupling chemistry during biotinylation are shown 

highlighted in pink 

The theoretical analysis of a redox SAM for biosensing 

applications has been previously carried out
8
. The governing 

equations of the system are: 
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E, E
o
 and E

o’
 are the applied potential, the standard electrode 

potential and the formal potential, respectively. ϕM, ϕPET, ϕS and 

ϕref are the potentials at the metal, the plane of electron transfer 

(PET), the bulk solution and the reference electrode, 

respectively. The buffer solution has a dielectric constant ε3 and 

electrolyte concentration of cel. R, T, n and F are the molar gas 

constant, the absolute temperature, the number of electrons 

involved in the redox reaction and the Faraday’s constant. σM, 

σPET, σAz and σtarget are the surface charge densities on the 

electrode, PET, azurin and the target protein, respectively. ΓT, ΓO 

and ΓR are the total, oxidized and reduced redox molecules 

surface densities, f = ΓO/ ΓT, zO and zR are the charge of the 

oxidized and reduced redox molecules. The SAM has a dielectric 

constant of ε1 and a height of d1. 

The parameters of interest are the charge of the target (σtarget), 

and the electrolyte ionic strength. The dependence of the formal 

potential on these parameters is shown in Figure 2. σtarget has two 

important effects on the behavior of the system. Firstly, at a fixed 

ionic strength, the formal potential shows directional shifts 

depending on the sign and magnitude of σtarget. In other words, 

the formal potential reveals the change in the charge environment 

near the PET. This was experimentally observed in previous 

work on Ferrocene redox SAM
8
, where the charge near the PET 

was manipulated by neutralization of either positively charged or 

negatively charged functional groups within the SAM. The 

directional shifts in the formal potential are measured by AC 

voltammetry. Secondly, the dependence of the formal potential 

on ionic strength is reversed when σtarget reaches a critical value. 

This can be seen from Equation (2): when σM + σPET + σAz + σtarget 

> 0, one would observe a reduction in the formal potential with 

increasing ionic strength, and vice versa for σM + σPET + σAz +  

σtarget < 0, one would observe an increase in formal potential with 

increasing ionic strength. The critical value hence lies at (σAz +  

σtarget) = -(σM + σPET ) which is equal to -0.07 C m
-2

 in the case of 

Figure 2.  
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Figure 2 Theoretical calculations investigating the effect of ionic 

strength and the target charge on the formal potential. Input 

parameters are: Eo = -0.25 V, (ϕS – ϕref) = -0.85 V vs Hg/Hg2SO4, 

ε1 = 2.6, d1 = 1.83 nm, ΓT = 1.4x10-10 mol cm-2, σAz = 0 and ε3 = 

78.5 (water)  

Figure 3 shows the ionic strength titration experiments for the 

biotinylated Az, a control upon adding an antibody (an 

ovalbumin specific scFv-kappa fusion protein), and the specific 

reaction with Streptavidin. Formal potentials were extracted from 

AC voltammetry in pH7 phosphate buffer. It was observed that 

the formal potential increased with increasing ionic strength for 

both biotinylated Az and the control, whereas a complete 

opposite trend was present after specific reaction with 

Streptavidin. This is due to the positive charge carried by the 

Streptavidin. The fitted value of σAz = -0.031 C m
-2

. After 

reacting with Streptavidin, the fitted value of (σAz +  σtarget) = -

0.022 C m
-2

. Subtracting σAz from (σAz +  σtarget)  gives an 

estimated Streptavidin charge of +0.009 C m
-2

. This positive 

charge of the Streptavidin is also confirmed by EIS 

measurements on the same electrode, as shown in Figure 3d. In 

the EIS, the measurement buffer contains a negatively charged 

redox couple, [Fe(CN)6]
3-

 and [Fe(CN)6]
4-

. Overcoming the 

potential barrier created by the SAM layer, the redox couple can 

exchange electrons with the underlying Au electrodes. This is 
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characterized by the charge transfer resistance (Rct). After 

specific reaction with Streptavidin, a reduction in Rct was 

observed, which suggests that Streptavidin has a net positive 

charge, therefore reducing the potential barrier for the negatively 

charged redox couple. The charge transfer resistance is reduced 

by 36kΩ. Repeating experiments were performed using several 

electrodes (please refer to supporting information). Good 

reproducibility was observed.   

0 40 80
-0.16

-0.15

-0.14

-0.13

-0.12 (a) Biotinylated Az

 Measured Formal Potential

 Predicted Formal Potential

M
e
a

s
u

re
d
 F

o
rm

a
l 
P

o
te

n
ti
a
l 
(V

)

Ionic strength (mM)  

0 40 80
-0.16

-0.15

-0.14

-0.13

-0.12

 Measured Formal Potential

 Predicted Formal Potential

M
e
a
s
u
re

d
 F

o
rm

a
l 
P

o
te

n
ti
a
l 
(V

)

Ionic strength (mM)

(b) Control

 

 

0 40 80

-0.15

-0.14

-0.13 (c) Reaction with Streptavidin

 Measured Formal Potential

 Predicted Formal Potential

M
e
a
s
u
re

d
 F

o
rm

a
l 
P

o
te

n
ti
a

l 
(V

)

Ionic strength (mM)

0.0 5.0x10
4

1.0x10
5

1.5x10
5

2.0x10

0

1x10
4

2x10
4

3x10
4

4x10
4

5x10
4

(d) Reaction with Streptavidin

36kΩ

 Biotinylated Az

 Streptavidin

-Z
" 

(o
h

m
)

Z' (ohm)

R
ct

 

Figure 3 (a, b, c): Dependence of formal potential upon ionic 

strength: (a) biotinylated Az. For the predicted formal potential, 

the fitted parameters are Eo = -0.128V, σAz = -0.031 C cm-2; (b) 

Control experiment of adding antibody to biotinylated Az. For 

the predicted formal potential, the fitted parameters are Eo = -

0.131V, σAz = -0.031 C cm-2. (c) After incubating with 20µM 

streptavidin. For the predicted formal potential, the fitted 

parameters are Eo = -0.155V, σAz + σtarget = -0.022 C cm-2. Other 

input parameters are: (ϕS – ϕref) = -0.85 V vs Hg/Hg2SO4, ε1 = 20 

(Az), d1 = 5.5 nm (Az size), ΓT = 7.6x10-12 mol cm-2 (from QCM) 

and ε3 = 78.5 (water). (d) Electrochemical impedance 

spectroscopy of the same electrode used in (c).  

The onset of the reversing trend happens at:  

( )PETMettAZ σσσσ +−>+ arg
 

In other words, the sensitivity of the platform is determined by -

(σM + σPET ). According to Equation (2), σPET is a function of the 

coverage ΓT and f, and is calculated to be 0.0037 C m
-2

, by taking 

ΓT = 7.6 x 10
-12 

mol cm
-2

 from QCM measurements and f = 0.5 at 

the voltammetric peak. σM is 0.022 C m
-2

 also calculated from 

Equation (2), therefore - (σM + σPET
 
)= -0.026 C m

-2
. In the case of 

Figure 3, the above inequality is satisfied since σAz +  σtarget = -

0.022 C m
-2

. To improve the sensitivity, one can minimize the 

dominating charge, σM, by increasing the distance between the 

PET and the electrode (d1).  

In conclusion, we have developed a novel protein sensing 

platform that allows simplification and standardization of 

creating different receptor layers by using a redox scaffold 

protein, Az. The applicability of the platform towards protein 

sensing was initially demonstrated with Streptavidin-Biotin 

interactions measured with QCM, EIS and AC voltammetry.  

The latter reveals a significant change of trend in the 

electrochemical behavior of the platform upon specific molecular 

interactions. On the basis of these results it is possible to 

envisage the described approach being extended to detection of 

additional protein analytes in a stepwise fashion using 

biotinylated recognition elements including antibodies. As such a 

novel type of label free electrochemically driven sensing 

platforms could be developed using the same approach.  
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