2023 7th International Workshop on Materials Engineering and Computer Sciences IWMECS 2023)

Glucose biosensor based on DNA origami

Jikai Yang
Northeast Yucai Foreign Language School, Shenyang, China
yangjikai2024@163.com

Keywords: Glucose biosensor, DNA origami, FRET, Aptamer

Abstract: In this paper, I designed a glucose biosensor that can help us measure glucose levels.
Specifically, glucose can be detected by the aptamer on the biosensor, which changes conformation
and results in a change in FRET. Thus, by using fluorescence spectroscopy, glucose levels can be
measured. The biosensor functions as a point of care device that people can use right at home to
keep track of their blood glucose levels. The biosensor is based on DNA origami, fluorescence
sensing strategy, and also an aptamer to detect glucose. Specifically, a dynamic DNA origami is
used to design a glucose biosensor, which is precisely decorated with arrays of fluorophores acting
as donors and acceptors that can show the presence of glucose according to the conformation of the
DNA origami, which changes as an aptamer detects glucose.

1. Introduction

For living beings, maintaining glucose levels is crucial. Irregular blood glucose levels can lead to
serious problems. For example, hypoglycemia is an insufficient supply of energy to the brain
(neuroglycopenia), with symptoms such as hunger, headaches, falling asleep, mental confusion,
hallucinations, and finally convulsions and coma [*!. Therefore, it is important for people to keep
track of their blood glucose levels.

In order to develop a novel type of biosensors that are easier to mass produce, more sensitive, |
approached the design problem in the field of DNA nanotechnology, specifically DNA origami.

DNA origami technique, given its ease of preparation, has led to an explosive growth in
structural DNA nanotechnology to address challenges in a variety of research areas. The technique
is based on a long single-stranded DNA (scaffold strand) folded into desired shapes by using
hundreds of short complementary oligonucleotides (staple strands), and has been used to create not
only two-dimensional sheets but also complex three-dimensional objects. Such self-assembled DNA
nanostructures have served as scaffolds for the arrangement of proteins and nanoparticles. In
addition, structures that can respond to external stimuli have been developed!”.

For the recognition of the glucose molecules in the samples, the prospective device is
functionalized with an aptamer in a position that can induce a conformational change in the device’s
structure. Aptamers are a special class of nucleic acid molecules that are beginning to be
investigated for clinical use. These small RNA/DNA molecules can form secondary and tertiary
structures capable of specifically binding proteins or other cellular targets; they are essentially a
chemical equivalent of antibodies!™). In order to study conformational change, a set of fluorescent
molecules are positioned in the structure so that a FRET signal is produced in one of the possible
states. Fluorescence resonance energy transfer (FRET) is a distance-dependent physical process by
which energy is transferred nonradiatively from an excited molecular fluorophore (the donor) to
another fluorophore (the acceptor) by means of intermolecular long-range dipole—dipole coupling!®l.

2. Method
2.1. Nupack

The glucose aptamer for the biosensor is based on the design presented in the paper

" Aptamer-field-effect transistors overcome Debye length limitations for small-molecule sensing"l.
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According to the

"CTCTCGGGACGACCGTGTGTTGCTGTAACAGTGTCCATTGTCGTCCC".

the glucose

paper,

sequence is
By adding the

aptamer

sequence to Nupack, the aptamer, the secondary structures, can be evaluated together with its
suitability to be introduced into the DNA origami structure, as shown in Figure 1.
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Figure 1 Sequences of aptamers and complementary (capture) strands, and concentrations and
buffers for fluorescence assays from Aptamer-field-effect transistors overcome Debye length
limitations for small-molecule sensing.
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Figure 2 DNA origami structure.

2.2. Cadnano (https://cadnano.org/)

DNA origami is dynamic, and consists of two same layers, which connect to each other on one
side by flexible hinges. In this way, the DNA origami is shaped like a book, which can open and
close to the other side without hinges. The reason for designing a dynamic origami is that by
opening and closing the structure, the FRET efficiency would change due to the change in the
distance between fluorophores in both layers, so that glucose can be detected by measuring the
FRET efficiency. Figure 2 and 3 show one layer of origami, which is designed in Cadnanoo.
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Figure 3 DNA origami design using cadnano?2.
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2.3. Overview

The Oxview tool of visualization (https://sulcgroup.github.io/oxdna-viewer/) allowed me to
introduce the modifications necessary in the structure for it to be responsive to glucose levels.
Specifically, a staple coming out of the upper layer of the biosensor had the sequence of the aptamer
in figure 1 added to its 3’ end. Similarly, the complementary strand of the aptamer is added to the
lower layer. To ensure that the aptamer can bind to targets, a few mismatches between the aptamer
and its complementary ssDNA are made.

Figure 4 DNA origami design using cadnanoz.The biosensor synthesized in Oxview, with an added
aptamer

3. Result and Discussion

The whole structure is made by myself. The basic strategy for detecting glucose and displaying
the information is done using aptamer and fluorescence. Specifically, a lock-and-key system is used
in the design of aptamer-based functionalization, a method used in previous studies on DNA
nanoboxes!?. The upper layer of the origami presents the aptamer, and the lower layer presents a
ssDNA with sequences complementary to those of the glucose aptamer. Therefore, the layers
closely attach to each other through base complementarity. Then, if the aptamer detects glucose, it
will instead bind to the target, thus breaking the hydrogen bonds between the sequences, removing
the connection between the upper and lower layers of the DNA origami. This will allow the opening
of the DNA origami. Thus, with the lock-and-key system, the conformational change in origami is
achieved, as shown in Figure 4.

Due to the dynamic characteristics of my origami, I decided to take advantage of the change in
FRET efficiency according to the distance between fluorophores. Specifically, fluorophores are
placed on both layers of origami. The fluorophores, namely Cy3 and Cy5, on the upper layer act as
acceptors, while the fluorophores on the lower layer act as donors!!! . Therefore, when in close
proximity, an excited Cy3 will keep the FRET efficiency high, while increasing the distance
between fluorophores will deactivate Cy3, keeping FRET efficiency low. The paper DNA origami
book biosensor for multiplex detection of cancer-associated nucleic acids!!! provides evidence. To
determine the reaction time of the DNA origami book biosensor to fully open, the structures were
assembled in a closed state with a single column of FRET pairs (column 1). Plotted FRET
efficiency (measured using spectrophotometer) showed a decrease over time , indicating that the
structure opened within 10 min after the addition of the target was added.
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Figure 5 Determination of FRET efficiency of DNA origami book biosensor using fluorescence

spectroscopy from DNA origami book biosensor for multiplex detection of cancer-associated
nucleic acids

4. Conclusion

With DNA origami, lock-and-key system, and fluorescence sensing strategy, I can determine
glucose levels in samples from human bodies by using a spectrophotometer to measure FRET
efficiency, as shown in Figure 5. However, since the biosensor functions outside of the human body,
people still need to take blood samples from their bodies to test glucose levels. Therefore, future
studies should focus on delivering the biosensor into human bodies, so that people can test their
blood glucose levels in a more convenient way.
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