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Nanopore-Based Biosensing

Nanopores are tiny holes with huge 
potential. They can be created in both 
biological materials, such as a lipid 
membrane, and ‘solid-state’ materials, 
including silicon nitride, graphene 
and transition-metal dichalcogenides 
(TMD) – and both types have a wealth 
of possible uses. One important 
application that has garnered attention 
in recent years is nanopore-based 
biosensing. 

This technology involves a nanopore 
that connects two structures containing 
saline solution. A current made up 
of salt ions is passed through the 
nanopore, and when a biological 
molecule passes through, it causes 
alterations in the ionic conductivity, 
which can be measured as a change in 
current. These changes in current can 
then be used to identify molecules. 

For example, each nucleotide on a DNA 
strand causes a specific change that 
can be used to identify that specific 
nucleotide, towards building a picture 

of the complete DNA strand. Thus, 
nanopore-based biosensing could 
represent a promising technology for 
DNA sequencing, which is used in a 
range of crucial applications – from 
assessing a patient’s risk of genetic 
disease, to monitoring mutations in 
SARS-CoV-2, the virus that causes 
COVID-19. 

Not only could nanopore-based 
biosensing be used for DNA sequencing, 
but it could also represent a low-cost 
method for detecting changes or 
damages in DNA strands that could 
indicate the development of a disease, 
such as cancer. This could be extremely 
beneficial in healthcare, allowing the 
early signs of a particular disease to 
be rapidly and accurately detected, 
and enabling clinicians to provide 
early treatment, leading to far better 
outcomes for patients. 

Biological nanopores possess several 
significant limitations, including their 
set pore diameter and their sensitivity 
to experimental environments. 
Therefore, solid-state nanopores are a 

burgeoning area of research, as their 
pore dimensions can be tuned, and 
being more robust, they can be utilised 
across a range of different experimental 
conditions. 

Graphene and TMD are particularly 
promising two dimensional (2D) 
solid-state nanomaterials, as they 
are ultrathin and boast favourable 
electrical and mechanical properties. 
These features make graphene and TMD 
nanopores well suited to DNA detection 
and sequencing. The use of graphene 
and TMD nanopores is one area of 
research conducted by Dr Jean-Pierre 
Leburton and his colleagues, who are 
based at the University of Illinois at 
Urbana-Champaign, USA.
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The far-reaching benefits of nanopore research encompass 
fields as diverse as physics, healthcare, big data processing 
and environmental studies. At the University of Illinois at 
Urbana-Champaign, Dr Jean-Pierre Leburton is conducting 
research focused on the use of nanopores in ultrathin solid-state 
molecular materials, such as graphene and 2D transition-metal 
dichalcogenides, for DNA sensing applications. This offers a low-
cost and highly effective method of identifying biomolecules, and 
could have widespread medical applications, enabling rapid, early 
and effective disease diagnosis and prompting effective treatment, 
as well as providing invaluable technologies for assisting with DNA 
sequencing.
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Innovations with Cross-Disciplinary 
Impacts

Dr Leburton and his team are engaged 
in a range of interrelated projects 
involving 2D solid-state nanopores, 
quantum point contact transistors for 
DNA sensing and multipore systems. As 
well as pushing forward the envelope 
in physics, the team’s impressive body 
of work could have important benefits 
for healthcare research, including the 
advancement of DNA sensing, which 
would have a profound impact on 
disease diagnosis and treatment. 

The central idea of Dr Leburton’s 
research is to shape 2D membranes 
into a ribbon around the nanopore, 
and take advantage of the material’s 
semiconducting properties to flow an 
electronic current along the ribbon and 
detect the presence of DNA in the pore. 

In a study entitled ‘Graphene quantum 
point contact transistor for DNA 
sensing’, Dr Leburton and his colleagues 
designed a device made from a 2D 
nanoscale semiconductor material 
that can be used to enhance DNA 
identification with nanopores. The 
team’s highly-responsive graphene-
based DNA sensing device is not only 

able to identify DNA, but can also 
control the molecules that pass through 
the nanopores. The researchers were 
able to demonstrate the device’s ability 
to alter the electrical conductance of 
graphene nanopores, and to adjust 
their sensitivity to external charges to 
improve the accuracy of measurements. 

In addition to being able to optimise 
detection sensitivity, the device also 
has the ability to control the motion 
and speed of the DNA strands that 
pass through the nanopore, which sets 
it apart from existing technologies. 
This innovation breaks boundaries by 
providing the ability to slow down the 
movement of DNA, allowing for accurate 
DNA sequencing.

Ultimately, the rapid detection of 
molecules facilitated by the device 
could prove extremely useful in genome 
sequencing, in addition to early 
disease detection. In a subsequent 
study, Dr Leburton indicated that 
his paradigm of electronic detection 
offers the tremendous advantage of 
parallelism in biomolecule detection 
compared to the conventional ‘ionic 
current blocking’ approach, and could 
be easily and effectively integrated 
with semiconductor electronics for 

amplification and data processing, 
further enhancing its potential.

Detecting DNA Methylation

In a recent study, entitled ‘Detection 
and mapping of DNA methylation with 
2D material nanopores’, Dr Leburton 
and his colleagues highlighted how 
they were able to detect and locate 
methylated DNA using nanopore 
sensors made of graphene or 
molybdenum di-sulphide (MoS2). 

Methylated DNA is a DNA molecule that 
contains a methyl group – a carbon 
atom bonded to three hydrogen 
atoms. Changes in DNA methylation 
can occur in the early stages of disease 
development, including cancers. 
Therefore, measuring these changes 
could allow clinicians to detect cancers 
and other diseases earlier, allowing 
them to provide much more effective 
treatment. 

The reason that Dr Leburton and his 
colleagues decided to use graphene and 
MoS2 when fabricating their nanopore 
membranes is because of their excellent 
physical and electrical properties. 
Hence, these materials allow the team 
to build solid-state nanopores that 
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overcome the limitations typically encountered with biological 
nanopores.

In their sensing technique, Dr Leburton and his team labelled 
DNA methylation sites with a protein called MBD1. The 
researchers then allowed methylated DNA strands to pass 
through the nanopores in their graphene or MoS2 membranes. 
By monitoring changes in electrical current passing along the 
membrane, they were able to locate the methyl groups at 
different positions on the strands. 

This innovative work indicates the possibility of using solid-
state nanopore membranes to efficiently locate the sites of 
methylation along a strand of DNA. In addition to detecting 
diseases through changes in DNA methylation, these nanopore 
membranes could also be used in other areas, including DNA 
barcoding, which can be used to identify different species in 
the environment. Identifying the species present in a given 
ecosystem is invaluable for monitoring biodiversity, and allows 
for the design of more effective conservation strategies. 

DNA Damage Detection for Disease Diagnosis

In another study, Dr Leburton and his collaborators used 
nanopores to detect and map DNA damages. Again, they made 
use of graphene and MoS2 nanopore membranes, and were 
able to sense minute changes in the structure of DNA passing 
through the nanopore by measuring the current. 

This is important research, given that damages or breaks (also 
called nicks) on double-stranded DNA can lead to a range 
of diseases, including cancers. Rather counterintuitively, 
chemotherapy and radiation therapy used in the treatment of 
cancer can also cause DNA damages, potentially leading to the 
development of further tumours. In both of these cases, the 

ability to detect DNA damages early on is vital for improving 
patient outcomes. 

Using computational modelling techniques, Dr Leburton and 
the team were able to illustrate the ability of their device to 
detect structural changes in DNA strands, and identify the 
precise location of these changes along each strand. They also 
explained the interactions that can occur between different 
types of DNA nicks. 

The researchers believe that this research could help enhance 
our understanding of nicks on DNA and their impact on cell 
activities. Additionally, there is potential for this research to 
contribute to the regulation of chemotherapeutic drugs and 
radiation dosage in the treatment of cancer. Outside of this, the 
work could contribute to further applications such as DNA data 
storage for computation.

Versatile Devices with Various Applications

In a later study entitled ‘Classification of Epigenetic Biomarkers 
with Atomically Thin Nanopores’, Dr Leburton and his team 
combined the use of molecular and device simulations with 
statistical signal processing algorithms to present a versatile 
and generally applicable biosensor technology. 

The technology again uses a 2D solid-state nanopore 
membrane for the detection of several different types of 
biomolecules, in real time, based on their unique electrical 
current alterations. Because of its versatility, the technology 
can be adapted and applied to detect a range of different 
biomolecules and changes in DNA.

In this work, the team was able to successfully establish the 
impressive detection resolution of the device and its ability 
to conduct measurements of DNA strands through multiple 
different channels simultaneously.

Dr Leburton and his colleagues’ interrelated investigations 
make up an impressive body of research that has the potential 
to be powerfully impactful in myriad fields, including big data 
collection and processing, physics, electronics, healthcare and 
environmental studies. Their work provides a tangible example 
of seamless crossover between disciplines, with an expert in 
physics, with particular knowledge in electrical and computer 
engineering, breaking boundaries in seemingly disparate fields. 

Not only has he presented promising new technologies that 
could facilitate low-cost and highly effective DNA sequencing, 
which is a crucial process for getting to the heart of DNA and 
understanding the make-up of the human body, his devices 
could save lives by enabling diseases to be detected early 
on, leading to optimal treatment. Fittingly for an electrical 
engineering scientist, Dr Leburton is making waves, not just in 
physics but far beyond.
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