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A B S T R A C T   

Up to now, the reproducibility and stability of graphene-based electrochemical sensors have represented an 
obstacle to the development of practical biosensing techniques. In this paper we report a cost-effective and highly 
reproducible graphene-based electrochemical sensing platform to monitor the kinetic conformational change of 
amyloidogenic proteins. The sensor surface is spray-printed with a graphene oxide layer and then electro
chemically reduced to achieve excellent sensitivity to the redox current. The reproducibility of these sensors in 
terms of redox peak position, intensity and electroactive area has been proved to be high. These sensors are used 
to monitor the conformational changes of amyloid-β 42 via the change in the oxidation current of tyrosine, which 
is caused by different electrochemical accessibility during the aggregation process. The aggregation process 
detected at these graphene electrochemical sensors shows a good correlation with the fluorescence assay. The 
proposed platform provides a complementary technique to aid understanding of the detailed process of amy
loidogenic protein aggregation and the mechanism of neurodegenerative diseases as well as helping to promote 
the development of disease-prevention strategies.   

1. Introduction 

Aggregation of amyloidogenic proteins, which is induced by an 
imbalance in the production and clearance of β-sheet polypeptide 
structures, is a pathological process implicated in neurodegenerative 
disease. However, from monomeric peptide to mature fibrils, it remains 
unclear how many intermediates are produced, and which specific form 
is most toxic to neural cells [1]. Therefore, an understanding of the 
detailed aggregation process of these proteins is clinically important for 
the development of disease-modifying and preventive strategies for 
neurodegenerative disease [2]. Current gold-standard methods for 
studying protein aggregation include fluorescence microscopy, trans
mission electron microscopy, atomic force microscopy and size- 
exclusion chromatography [3–5]. However, these rely on demanding 
laser or electron beam excitation techniques and a complex signal cap
ture system to monitor the formation of oligomeric peptides at the later 
stage of aggregation. A complementary label-free, ultrasensitive and 
rapid technique would be useful for monitoring the onset of misfolding 

intermediates with low steady concentrations. 
Electrochemical sensors can be operated on a simple potentiostat in a 

real-time and label-free manner without perturbing the protein confor
mation during the measurements, providing additional advantages over 
current analytical methods. Exploratory works have been performed 
using standard glassy carbon and gold electrodes to study the tau/metal 
ion interaction [6], the binding of monomers to pre-immobilised tau 
seeds [7] and the kinetic conformational change of Amyloid-β (Aβ) [8]. 
To provide a more in-depth understanding of the aggregation of amy
loidogenic proteins, different nanomaterials have been integrated into 
the electrochemical sensors to enhance their sensing performance 
[9–12]. As one of the most promising candidates for developing ultra
sensitive electrodes, graphene offers an intrinsically high surface-to- 
volume ratio, high electrochemical activity and lone-pair π electrons 
suspended on top of its surface [13,14]. This makes graphene electrodes 
sensitive to the accumulation of electrons caused by protein adsorption 
[15] and aggregation [16], and the redox current change caused by the 
conformational change of electroactive protein molecules on its surface. 
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However, the reproducibility of the electrochemical performance of 
graphene-based single-use sensors has not yet been well addressed. 
Furthermore, the conformational change of the amyloidogenic protein 
has never been experimentally studied using this electrochemical 
sensing platform. 

In this work, a cost-effective, highly reproducible and ultrasensitive 
reduced graphene oxide (rGO) electrochemical sensor for the kinetic 
study of amyloidogenic protein aggregation has been developed using a 
spray-printing technique. High reproducibility of these sensors in terms 
of peak position, intensity and electroactive area has been observed in 
the ferricyanide system. The sensing mechanism is that the electroactive 
amino acids in a peptide, such as tyrosine (Tyr), tryptophan and 
cysteine, receive or donate electrons at specific electrical potentials, 
which define redox peaks in electrochemical measurements. Any 
conformational changes of peptides are expected to affect the spatial 
location of these amino acids relative to the electrode surface, which 
subsequently changes their electrochemical accessibility and results in a 
change in the redox current. Aβ42 is chosen as a representative amy
loidogenic protein – it is a marker for Alzheimer’s disease (AD) when 
produced in excess and aggregated onto neural cells. Also, the Aβ42 
monomer possesses only one redox active Tyr residue at position 10 
from the N-terminal, offering the simplest correlation between its 
oxidation currents and conformational change. The electrochemical 
results are cross-validated using a ProteoStat aggresome detection kit. 

2. Results and discussion 

2.1. Sensing mechanism 

Soluble Aβ42 monomers in the brain and cerebrospinal fluid aggre
gate to form plaques in the brains of AD patients. The aggregation starts 
from an unfolded state consisting of an α-helix or random coil structure, 
then undergoes a multi-step nucleated polymerisation process, which 
involves the formation of β-sheet structures, soluble oligomeric in
termediates of different size and forms, and eventually ends with 
insoluble fibrils [17], as shown in Fig. 1. Tyr, the only oxidizable residue 
at around 0.6 V in Aβ42, is wrapped by other amino acids and located in 
a continuously changing spatial position relative to the electrode surface 
during the aggregation process. This leads to a change in its electro
chemical accessibility, which enables the electrochemical monitoring of 
Aβ42 aggregation by analysing the corresponding oxidation current 
intensity at different stages. 

2.2. Optimisation of spray-printed rGO electrodes 

One of the most critical requirements for the development of 

electrochemical sensors is to determine the optimal thickness of rGO to 
provide good electrochemical reversibility and uniformity, which can be 
evaluated by the ratio of cathodic and anodic peak currents, Ipc/Ipa [18]. 
Fig. 2(a) shows the cyclic voltammetric (CV) characteristics of elec
trodes modified with different volumes of GO solution (0 to 0.6 mL) in 5 
mM potassium ferricyanide (K3[Fe(CN)6]), which is an outer-sphere 
redox mediator and proceeds via a single electron transfer pathway. 
The fabrication process is detailed in the Supplementary Information, 
section 1.2. The reduction peaks decrease from 165 µA to 0.571 µA (a 
decrease of 99.6%), while the oxidation peaks decrease from 163 µA to 
2.09 µA (a decrease of 98.7%), along with a decrease in the electroactive 
area from 7.11 to 0.02 mm2, indicating that the working electrode has 
been covered by an insulating GO layer. However, a GO layer which 
exceeds the optimal thickness will lead to a degradation in the electro
chemical reversibility and film uniformity, which is indicated by 
increasing peak-to-peak separation as a function of GO volume. To find 
the optimal thickness, GO volumes are plotted against Ipc/Ipa in Fig. 2(b), 
which shows that Ipc/Ipa starts to decrease when more than 0.2 mL GO is 
sprayed, when Ipc/Ipa drops from 1.02 to 0.96. Therefore, 0.2 mL GO is 
used for the fabrication of homogeneous GO layers on the working 
electrodes without them losing their uniformity and electrochemical 
reversibility in the K3[Fe(CN)6] system. 

High reproducibility of the electrodes is the most important 
requirement for the development of reliable electrochemical sensors. 
This ensures that single-use sensors are exposed to the adsorption of 
Aβ42 from the same baseline and makes the comparison of sensing re
sults from different electrodes meaningful. Fig. 2(c) presents the CV 
characteristics of 15 individual rGO-modified electrodes fabricated and 
electrochemically reduced using the same parameters. By controlling 
the quality of the GO solution, the volume of sprayed GO solution and 
the number of CV scans, electrodes with high reproducibility can be 
obtained. Statistically, the standard deviations (STD) of reduction peak 
potentials, peak currents and peak areas were found to be 20%, 1.82% 
and 1.3%, respectively, which are within the usual range for differences 
in commercial electrodes, as shown in Fig. 2(d). 

2.3. Characterisation of the rGO electrode surface 

The formation of a GO film and its electrochemical reduction are first 
characterised using Raman spectroscopy. Fig. 3(a) shows a comparison 
of spectra from a GO-modified electrode before and after the reduction 
process, with reference to a graphene-nanosheet-modified electrode. 
Both GO and rGO present increased D bands, the increased intensity 
ratio of D to G bands (ID/IG) and the flattened 2D band indicating that a 
large number of defective sites have been introduced into the electrode 
surface [19]. The ID/IG ratio is also discriminative for the average 

Fig. 1. Mechanism for monitoring Aβ42 conformational change using an electrochemical sensor.  
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distance (LD) between defective sites [20]. This ratio increases with an 
increase in LD from 0 to 3 nm, peaks at 3–4 nm, and then decreases with 
a further increase in LD. As the LD for GO is around 1 nm and chemical 
moieties have been partially removed during the reduction process, the 
LD has consequently increased, leading to an increase in ID/IG from 0.92 
to 1.29. No pinholes (areas not covered by graphene) can be observed 
from the 2D and 3D G band intensity maps (Fig. 3(b) and (c)) and the 
intensities show a narrow distribution in the statistical histogram, 
indicating a uniform rGO layer. 

Fig. 3(d) and (e) show the scanning electron microscopy (SEM) im
ages of a GO-modified electrode before and after the reduction process. 
Due to the significantly increased electrical conductivity of rGO, the 
contrast in Fig. 3(e) is sharper when both images are taken at the same 
beam power. In addition, both SEM images confirm that the surface 
coverage is nearly 100%, which is in consistent with the Raman analysis. 
The surface shows a uniform morphology at the electrode scale (as 
shown in Fig. S3). The removal of oxygen-containing moieties is semi- 
quantitatively determined by X-ray photoelectron spectroscopy (XPS), 
as shown in Fig. 3(f). Wide-range spectra from GO and rGO both contain 
carbon peaks at 285 eV and oxygen peaks at 532 eV. However, from the 
corresponding sensitivities, it can be deduced that the atomic ratio of 
oxygen decreases from 25.05% to 10.05% after the electrochemical 
reduction. This is close to the 6.56% measured with a pristine graphene 
electrode as shown in Fig. S2. The corresponding high-resolution C1s 
spectra are presented in the insets to Fig. 3(f). The C1s spectrum from 
GO includes three major peaks at 284.45 eV, 286.58 eV and 288.38 eV, 
corresponding to the C–C bonds in the graphene lattice (62.96%), the C- 
O bond in alkoxy and epoxy groups (32.83%) and the C=O bond in 
carboxyl groups (4.21%), respectively [21]. By comparison, all the 
peaks corresponding to oxygen-containing moieties have decreased in 
the C1s spectrum obtained from rGO, especially the peak at 286.58 eV 

(to 3.52%), showing the removal of a significant amount of alkoxy and 
epoxy groups. 

2.4. Electrochemical performance of spray-printed rGO electrode 

Fig. 4(a) shows a comparison of the CVs obtained in the K3[Fe(CN)6] 
system from three electrodes modified with carbon, GO and rGO. The CV 
from the carbon electrode shows an Ipc of − 170 µA, which decreases to 
− 25.2 µA after the deposition of GO and later increases to − 233 µA upon 
the reduction of GO. The increased peak currents indicate the enhanced 
electroactivity of the rGO layer as the working electrode. Using the 
Randles-Sevcik equation, it can be calculated that this represents an 
increased electroactive area of 2.7 mm2 within the confined electrode 
pattern. Meanwhile, the potential separation between the reduction and 
oxidation peaks decreases from 0.25 V (carbon) to 0.22 V (rGO), rep
resenting faster electron transfer kinetics at the electrode surface. This is 
because the electron transport takes place via both graphene planes [22] 
and the defective sites within the rGO layer [13], which are inherited 
from the GO layer on the removal of the insulating oxygen-containing 
moieties. The introduction of these additional electroactive sites leads 
to a larger electroactive area for donating or receiving electrons during 
the ferricyanide redox processes, which in turn results in enhanced 
currents. 

Fig. 4(b) shows CVs recorded at different scan rates (from 10 to 200 
mV/s) on a rGO-modified electrode. All CVs show highly symmetric 
redox currents, but the separation between redox peaks increases with 
the increase in the scan rate, indicating a quasi-reversible electro
chemical process. The intensities of the redox peaks have a linear rela
tionship with the corresponding square root of the scan rate, as shown in 
Fig. 4(c), demonstrating a diffusion-controlled electrochemical reaction 
without K3[Fe(CN)6] adsorption on the electrode, which is important for 

Fig. 2. Optimisation of GO thickness and analysis of electrode reproducibility. (a) CVs of electrodes modified with different volumes of GO ranging from 0 to 0.6 mL, 
recorded in 5 mM K3[Fe(CN)6] at a scan rate of 100 mV s− 1. (b) Analysis of the Ipc/Ipa ratio and electroactive area versus the sprayed GO volume. (c) CVs from 15 
individual rGO-modified devices with a scan rate of 100 mV s− 1 (inset: expansion of the reduction peak region). (d) Standard deviations for redox peak potentials, 
peak currents and integral peak areas. 
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the development of electrochemical biosensors. 

2.5. Monitoring of Aβ42 aggregation using electrochemical sensors 

CV and differential pulse voltammetry (DPV) have been used to 
study the electrochemical oxidation of Tyr on rGO-modified electrodes. 
Fig. 5(a) shows enlarged details of CV scans from a bare rGO electrode 

and a rGO electrode modified with 50 µM Aβ42 in phosphate-buffered 
saline (PBS) solution. Compared with the CV from the rGO electrode, 
the CV from Aβ42-modified rGO electrode has a Tyr oxidation peak at 
0.583 V, which is close to the free Tyr oxidation peak at 0.62 V in Fig. S4, 
but less positive than the oxidation potential reported in the literature 
[23,24]. The mechanism of Tyr oxidation depends on the electrode 
materials, solution pH and composition. For scans performed under 

Fig. 3. Characterisation of GO- and rGO-modified electrodes. (a) Raman spectra from electrodes modified with graphene nanosheets, GO and rGO. (b) 2D G-band 
Raman mapping across 50 × 50 μm on the rGO electrode. (c) 3D G-band mapping and statistical histogram of intensity distribution, indicating the rGO coverage is 
100% and the film is homogeneous. (d-e) SEM images of a GO-modified electrode before and after the electrochemical reduction process, showing the uniform 
electrode surface morphology. (f) XPS analysis of GO and rGO electrodes. Inset: high-resolution spectra of the C1s region and corresponding peak fittings. 

Fig. 4. Electrochemical performance of rGO-modified electrodes in 5 mM K3[Fe(CN)6]. (a) CVs of electrodes modified with carbon ink, GO and rGO with a scan rate 
of 100 mV/s. (b) CVs of a rGO-modified electrode recorded at different scan rates (10, 25, 50, 75, 100, 125, 150, 175 and 200 mV/s). The scan rate increases in the 
direction of the arrow. (c) Cathodic and anodic currents vs the square root of the corresponding scan rate. 
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moderate oxidation conditions in a neutral PBS buffer, Tyr molecules are 
oxidised via a one-electron process, as shown in Fig. 1, providing a very 
simple model for correlation of oxidation peak currents with confor
mational changes. Fig. 5(b) shows the electrochemical oxidation cur
rents obtained with different concentrations of Aβ42 adsorbed on the 
rGO-modified electrodes. Each concentration of Aβ42 is measured 
using a freshly prepared rGO electrode to ensure the baselines are 
constant. The oxidation peak current increases with the increase in Aβ42 
concentration and starts to saturate after 400 µM. A concentration of 50 
µM has been found to be optimal to ensure that more physically adsor
bed Aβ42 monomers stay on the surface of electrode and contribute to 
the electrochemical oxidation current, while the oxidation peak is 
identifiable in CV scans. By fitting Fig. 5(b) using the Langmuir isotherm 
I = IMax × K × CAβ/(1 + K × CAβ) [25], the values of IMax and the 
equilibrium constant K have been found to be 1.37 µA and 7.74 × 10− 4, 
respectively, which indicates a weak binding between the Aβ42 mono
mer and the rGO electrode. The surface amount of Aβ42 at the chosen 
concentration (50 µM) at rGO-modified electrodes (d = 4 mm) has been 
calculated to be 6.83 pmol using Γ = Q/nFA [26], where Q is the total 
charge, n is the number of electrons, F is the Faraday constant and A is 
the surface area of the working electrode. Meanwhile, the saturated 
density of Aβ42 has been calculated to be 120 pmol, indicating a loosely 
packed Aβ42 monomer layer when 50 µM is used. 

Conformational changes of Aβ42 during fibrillation have been 
characterised using both electrochemical sensors and a fluorescence 
assay, as shown in Fig. 5(c). For the electrochemical study, Aβ42 ag
gregation is monitored at a concentration of 50 µM. This ensures the 
peptide adsorption is unsaturated and all peptides present same initial 
spatial position to the rGO surface. With an increase in aggregation time, 
the Tyr oxidation current gradually decreases, reaches its minimum 
value and becomes less identifiable after 30 hrs, due to the decreased 
number of Tyr that can contribute to the electrochemical oxidation. The 
two major fluctuations after 8 and 24 hrs may be attributed to the for
mation of transitional oligomer and protofibril, which leads to an in
crease in the electrochemical accessibility of Tyr for short periods. To 
validate the electrochemical characterisation, a ProteoStat fluorescence 
assay (as detailed in the Supplementary Information, section 1.4), a 
gold-standard analytical method for studying protein aggregation, is 
performed with the same concentration of Aβ42 and the fluorescence 
signals are plotted over the same time scale in Fig. 5(c). At the beginning 
(t = 0), where the electrochemical current from Aβ42 monomer oxida
tion has its maximum value, the fluorescence assay shows minimum 
background fluorescence, since no β-sheet structure has formed at this 
stage. With the alignment of monomers into β-sheet structures over time, 
the fluorescence intensity increases linearly with amyloid fibril mass in 

the first 10 hrs, reaching a plateau after 30 hrs, which correlates well 
with the electrochemical analysis. Since the ProteoStat assay detects the 
formation of β-sheet intermediates, the fluorescence signals are 
inversely in proportional to Tyr oxidation current throughout the ag
gregation process. The lag phase of the fluorescence assay in this work is 
very short compared to other published results. This is mainly attributed 
to the higher monomer concentration of Aβ42 and the pre-treatment 
with 1,1,1,3,3,3-hexafluoro-2-propanol (see Supplementary Informa
tion), both of which could cause faster aggregation and β-sheet forma
tion [27–29]. 

3. Conclusion 

This work reports a spray-printing technique for the development of 
rGO-based electrodes, which offers high reproducibility in the reduction 
peak potentials, peak currents and peak areas with STDs of 20%, 1.82% 
and 1.3%, respectively, in the K3[Fe(CN)6] system. The uniform surface 
morphology is shown by SEM and Raman spectroscopy, while the 
increased electrochemical activity and the diffusion-controlled behav
iour are demonstrated in electrochemical analysis, making the elec
trodes good electrochemical sensors. The sensors are used to monitor the 
kinetic Aβ42 aggregation process via the consecutive changing oxidation 
current of Tyr in Aβ42, which correlates well with the fluorescence assay 
throughout all of the aggregation phases. This shows the potential of 
highly reproducible rGO electrodes in studying the aggregation process 
of amyloidogenic proteins, and may promote the study of unstable 
transition phases of oligomers as a complementary technique to state-of- 
the-art laser-based assays. 
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