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Combined in silico and in vitro study of an
aptasensor based on citrate-capped AuNPs for
naked-eye detection of a critical biomarker of
oxidative stressy
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An elevated level of 8-ox0-7,8-dihydro-2’-deoxyguanosine (8-oxo-dG) in biosamples has been found to
correlate to oxidative stress, and it has been assigned as a critical biomarker of various diseases. Herein,
insights into the mechanisms of an aptasensor, based on citrate-capped gold nanoparticles (AuNPs), for
8-oxo-dG detection were elucidated using molecular dynamics (MD) simulations and validated
experimentally. We found that the binding mechanism for binding between the anti-8-oxo-dG aptamer
and 8-oxo-dG has the following characteristic stages: (i) adsorption stage, (ii) binding stage, and (iii)
complex stabilization stage. Our simulations also reveal the binding sites between the anti-8-oxo-dG
aptamer and 8-oxo-dG formed through hydrogen bonding during complex formation. A shortened anti-
8-oxo-dG-aptamer was also engineered using in silico design, which was expected to improve the
analytical performance of the colorimetric aptasensor. The mechanisms of the colorimetric aptasensor in
the presence and absence of 8-oxo-dG were also investigated, and found to be in good agreement with
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1 Introduction

In the human body, reactive oxygen species (ROS) are constantly
produced from normal cellular metabolism. However, during
times of environmental stress, e.g., xenobiotics or heat expo-
sure, ROS may be dramatically produced, resulting in signifi-
cant damage to cell structures. Cumulatively, this is known as
oxidative stress. A consequence of overproduced ROS is inter-
action of them with cellular biomolecules, and subsequent
modification of proteins, lipids, or DNA. DNA damage is of
particular significance due to the possibility of inheritable
sequence alterations (mutations). This DNA damage can, in
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the door for development of novel naked-eye aptasensors.

effect, produce several oxidative adducts. One of the major
oxidative adducts after repair of the damaged DNA by several
enzymes is 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-dG)." It
is transported through the blood and then excreted into the
urine without further metabolism.*>* Therefore, a significantly
elevated level of 8-0xo-dG in urine has been found to correlate to
various diseases, including diabetes,*” neurodegenerative
diseases,” and cancer, e.g., cholangiocarcinoma.'**?

To determine a small amount of 8-oxo-dG in biosamples,
several techniques have been widely developed. High-
performance  liquid  chromatography (HPLC), liquid
chromatography-mass spectrometry (LC-MS), capillary electro-
phoresis (CE), and enzyme-linked immunosorbent assay (ELISA)
have been used to analyze 8-oxo-dG in body fluids.***° The main
drawbacks of these detection methods are their painstaking
procedures. They also require sophisticated and expensive
equipment. On top of that, a high level of expertise is essential in
order to operate these instruments efficiently. Thus, point-of-
care and easy-to-use diagnostic tools for the detection of 8-oxo-
dG have been broadly developed in the past few decades.

In the present work, a visual strategy for 8-oxo-dG moni-
toring based upon the dispersion of citrate-capped gold nano-
particles (AuNPs) in a solution, which is directly related to the
solution colour, is developed. The working principle of the

This journal is © The Royal Society of Chemistry 2019
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colorimetric aptasensor is illustrated in Fig. 1. The negatively
charged anti-8-oxo-dG aptamer can adsorb onto the AuNPs via
non-covalent interactions, which prevent aggregation of the
AuNPs under a high salt concentration. Nitrogen and oxygen
atoms play important roles in the adsorption of nucleobases
onto gold surfaces.”* The solution is therefore observed as red
due to the localized surface plasmon resonance (LSPR) of the
AuNPs, in which the absorption happens at a wavelength of
~525 nm. In the presence of 8-0xo-dG molecules, the specific
binding of 8-oxo-dG to the aptamers induces a complex
formation between the two molecules, in which adsorption of
the aptamers onto the AuNP surfaces is prohibited. Under high
salt concentration, the citrate-capped AuNPs are therefore
aggregated due to screening of the electrostatic interactions.
This is accompanied by a rapid red-to-purple colour change,
which can be observed by the naked eye. The colour change of
the solution depends upon changes in the aggregation and
dispersion states, which are related to the concentration of 8-
oxo-dG in the biosample. This provides the basis for our
visual 8-oxo-dG detection method. Compared with the afore-
mentioned assays, this colorimetric method allows rapid

Fig. 1 Schematic illustration of the sensing mechanism for detection
of 8-oxo-dG molecules via assemblies of citrate-capped AuNPs under
a high salt concentration (NaCl). The colours of the anti-8-oxo-dG
aptamer represent different nitrogenous bases, and adenine (A),
thymine (T), cytosine (C), and guanine (G) are represented by blue,
yellow, green and purple, respectively. The colours of the solutions
can be observed as purple and red, for a solution with and without 8-
oxo-dG molecules, respectively.

This journal is © The Royal Society of Chemistry 2019
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analysis (less than 30 minutes) of the samples using the naked
eye without costly instruments.

Although a colorimetric aptasensor based on citrate-capped
AuNPs has been experimentally studied for the detection of
certain target molecules, there are several crucial aspects that
have not been fully understood. Combining in silico and in vitro
studies to gain insights into the molecular mechanisms of the
colorimetric aptasensor can pave the way for 8-oxo-dG detection
with high sensitivity. Herein, we performed molecular dynamics
(MD) simulations to: (i) investigate the binding mechanism and
recognition sites of the anti-8-oxo-dG aptamer, (ii) engineer
a shortened aptamer through in silico design, (iii) provide deeper
understanding of the salt-induced aggregation of the citrate-
capped AuNPs in the presence and absence of 8-oxo-dG and
the aptamer, (iv) explore the adsorption of the anti-8-oxo-dG
aptamer onto AuNP surfaces, and (v) experimentally validate
the MD simulations of the colorimetric aptasensor for 8-oxo-dG
detection. Our study can be developed further for simple and
rapid detection of 8-oxo-dG in real biological samples.

2 Methods
2.1 Force fields

The structure of the AuNPs was characterized as a face-centred
cubic (FCC) lattice structure. A AuNP with a 2 nm diameter was
used in the present study as this is the smallest size that
exhibits localized surface plasmon resonance,*” which is related
to the colour change of the colorimetric aptasensor. The shape
of the AuNP is a truncated octahedral®® which was constructed
by cutting the crystal out of a bulk gold FCC lattice. A 2 nm-in-
diameter AuNP, containing 309 Au atoms, is composed of 8 and
6 facets of Au(111) and Au(100), respectively. The total surface
area values for Au(111) and Au(100) are 4.416 and 7.661 nm?,
respectively. The force field parameters for the AuNP were taken
from the literature.”*

To obtain the structures for citrate (CsHgO;) and 8-oxo-dG
(C10H13N505), a Gaussian 09 software package using the HF/6-
31G* method was used to generate and optimize their structures.
ANTECHAMBER was used to calculate the partial charges of these
molecules.” Citrate molecules were randomly capped onto the
AuNP surface, through self-assembly, with a coverage density of
4.15 x 10~** mol cm 2 (30 molecules/2 nm-in-diameter AuNP).

The anti-8-oxo-dG aptamer sequence is 5-GCG GGC GAT
CGG CGG GGG GTG CGT GCG CTC TGT GCC AGG GGG TGG
GAC AGA TCA TAT GGG GGT GCT-3/, for which a high binding
affinity with 8-oxo-dG has been reported.**** The notation used
hereafter for each nucleobase is NX, where N and X respectively
are the identity of the nucleobase and the order of the nucleo-
base from the 5’ end. An AMBER parmBSC1 force field* was
used for atomistic simulation of the anti-8-oxo-dG aptamer.

2.2 Hybrid solvation

As the simulation box is relatively large, a multi-resolution
approach,***-** where solute and water molecules in the close
neighbourhood are computed with atomistic detail and the
more remote bulk solvent is considered at the coarse grained

RSC Adv., 2019, 9, 17592-17600 | 17593
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(CQG) level, was used in the present study. Each system consists
of citrate-capped AuNPs, the anti-8-oxo-dG aptamer, and 8-oxo-
dG molecules. They are in the atomistic region, and are sur-
rounded by atomistic waters (TIP3P). These molecules are
embedded in the bulk water in the CG region. The WatFour
(WT4) model,* in which 11 water molecules are grouped into
four tetrahedrally interconnected beads, was used to represent
water molecules in the CG region. Based upon the hybrid
solvation model, our simulation can effectively mimic the
dynamics of molecular systems composed of pure all-atom
water and effectively reduce the number of particles in the
studied systems. Up to 619 646 beads in a simulation box of 25.5
x 25.5 x 25.5 nm?® were studied in the present work.

2.3 Simulation details

GROMACS?* package 5.0.4 with the AMBER forcefield was used
for all simulations. With periodic boundary conditions in all
directions, all 100 ns simulations were carried out with a time
step of 1 fs. Individual simulations of 8-oxo-dG and the aptamer
were conducted for a time period of 10 ns to observe their
conformations. The calculations for all bonds connected to
hydrogen atoms are based on the LINCS algorithm.*® The
Lennard-Jones potential was used to estimate the van der Waals
interactions with a cut-off radius of 1.2 nm. All simulations were
performed using a NPT ensemble with a constant pressure of 1
bar and at room temperature (300 K) by means of Parrinello-
Rahman pressure coupling® and V-rescale for the tempera-
ture,” respectively. The long-range electrostatic interactions
were evaluated using the particle mesh Ewald (PME) method.*
Visualizations of all the simulation results were performed
using visual molecular dynamics (VMD).*

2.4 Analysis

Clear understanding of the stability and compactness of the
complex formed between the aptamer and 8-oxo-dG molecules
is important for use of the colorimetric aptasensor. A free-
energy landscape (FEL) was used to observe the compactness.
It can be obtained from the following equation:

AGA = —kBT In <ﬁ> (1)
Py
where A is the order parameter, which in the present work is Ry,
and the root mean square deviation (RMSD). P, and Py are the
probabilities of finding the system in the A and B states,
respectively. Py is the maximal probability. AG, is the corre-
sponding free energy at the A state. T and kg represent the
temperature and the Boltzmann constant, respectively.

The colour change when using the colorimetric aptasensor is
correlated to the LSPR phenomena. It can be observed in terms
of interparticle distances between the AuNPs, as shown in the
plasmon ruler equation***' below:

i—j =0.18 exp (%ﬁ?) (2)

AL, . . . .

where 5 i the fractional plasmon shift, D is the particle
0

diameter, and s is the interparticle edge-to-edge separation.
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3 Results and discussion
3.1 Recognition sites of the anti-8-oxo-dG aptamer

As mentioned in the Introduction section, an aptamer has
specific binding to a target molecule. Based on a systematic
evolution of ligands using an exponential enrichment (SELEX)
technique, it has been experimentally reported that the anti-8-
oxo-dG aptamer, composed of 66 nucleobases,*® has a strong
binding affinity with 8-oxo-dG molecules. However, to the extent
of our knowledge, no theoretical study of the recognition sites
of the anti-8-oxo-dG aptamer at the molecular level has been
reported. To investigate the specific binding of the anti-8-oxo-
dG aptamer, a comparative study of the molecular interac-
tions of the aptamer with 8-oxo-dG and its structural analogue,
guanosine, was performed. Initially, the target molecules (8-oxo-
dG and guanosine) were placed at the centre of the aptamer
with an initial distance of 2.0 nm. The complex formation
between the aptamer and the target molecule was determined
by interatomic distances, and the hydrogen bonding between
both molecules. Formation of hydrogen bonds occurs once the
interatomic distance is lower than the threshold distance (dy,)
of 0.35 nm and the corresponding angle between the donor and
acceptor atoms is 30° or less.”

As shown in Fig. 2(a)-(c), the minimal contact distance (d)
between 8-oxo-dG and the aptamer fell below dy, within 7 ns
and hydrogen bonds simultaneously formed, and were present
throughout the simulation. The maximum number of hydrogen
bonds observed was eight. As can be seen in Fig. 2(c), hydrogen
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Fig. 2 Minimal contact distance (d) and the number of hydrogen
bonds between the anti-8-oxo-dG aptamer and the target molecule:
(a—c) 8-oxo-dG and (d—f) guanosine. All simulations were performed
for 100 ns. The chemical structures of 8-oxo-dG and guanosine are
shown in the top panel.
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bonding occurs after ¢ = 7 ns until ¢ = 100 ns, resulting in
complex formation between 8-oxo-dG and the aptamer
throughout the simulation. In contrast to 8-oxo-dG, the number
of hydrogen bonds formed between the aptamer and guanosine
was much less than that of the complex formation between 8-
oxo-dG and the aptamer. This suggests that the binding
between guanosine and the aptamer was much weaker than the
formation between 8-oxo-dG and the aptamer, as shown in
Fig. 2(d)-(f). This demonstrates the molecular recognition of the
anti-8-oxo-dG aptamer. This suggests that molecular dynamics
simulations can be used to verify the specificity of an aptamer.

To gain insight into the molecular interactions between 8-
oxo-dG and the aptamer, the binding process between the two
biomolecules was investigated in detail. The binding mecha-
nism has the following characteristic stages: (i) adsorption
stage; (ii) binding stage; and (iii) complex stabilization stage. As
shown in Fig. 3(a), the adsorption stage is observed at t = 7 ns
when 8-oxo-dG anchors to the binding site and forms
a hydrogen bond with T33. Subsequently, 8-oxo-dG is incorpo-
rated into the binding site of the aptamer by hydrogen bond
formation between 8-oxo-dG and T20, G32, T33, G34, T55, and
A56 during the so-called binding stage (Fig. 3(b)). Eventually,
the hydrogen bonding interactions cooperatively stabilize the
complex structure and 8-oxo-dG forms a complex with T20, G32,
T33, G34, C35, and C53 (Fig. 3(c)) until the end of the simulation
(¢t = 100 ns), as illustrated in Fig. 3(c).

T55 A56 —p,
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In addition to the molecular recognition at the centre of the
aptamer, we also investigated the binding at other recognition
sites of the aptamer. In Fig. S1 and S2,7 the binding mecha-
nisms for the top and bottom regions are revealed, respectively.
When 8-oxo-dG is placed at the top position, the adsorption
stage is observed at ¢ = 4 ns between 8-oxo-dG and G3, G4, G5,
and C6, and the binding stage is observed at ¢ = 81 ns, which
involves binding between 8-oxo-dG and G4, G5, C6, T43, G44,
and G45. These bonds are present until the end of the simula-
tion. When 8-oxo-dG is placed at the bottom region, adsorption
of 8-ox0-dG at T66 at t = 8 ns is initially observed. Subsequently,
at ¢t = 19 ns, 8-oxo-dG forms hydrogen bonds with G62, T63,
G64, C65, and T66 until the simulation is complete. These
results indicate that the recognition site of the anti-8-oxo-dG
aptamer depends upon the initial position of 8-oxo-dG.

To elucidate the strength of the binding interactions
between 8-oxo-dG and the aptamer at the different recognition
sites, the number of hydrogen bonds and minimal contact
distance during the complex formation were analysed. As
shown in Fig. 4(a)-(f), the binding interactions for different
initial positions (top, centre, and bottom) along the 66-mer
aptamer were compared. The top and bottom positions are
defined as the initial positions of nucleobases placed at the 5’
and 3’ ends, respectively. As can be seen from the number of
hydrogen bonds (H-bonds) during complex formation, the
central region of the 66-mer aptamer is more favourable than

(a)t=7ns

(b)t=80ns

(c)t=100ns

Fig. 3 Snapshots of the binding mechanism between 8-oxo-dG and the anti-8-oxo-dG aptamer. The molecular binding has the following
characteristic stages: (a) adsorption; (b) binding; and (c) complex stabilization. 8-Oxo-dG was initially placed at the centre of the aptamer.
Adenine (A), thymine (T), cytosine (C), and guanine (G) are coded blue, yellow, green, and purple, respectively. lons and water molecules are not

shown for clarity.
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Fig. 4 Minimal contact distances and the number of hydrogen bonds
between 8-oxo-dG and the anti-8-oxo-dG aptamers, with different
initial positions of the 8-oxo-dG (top (red), centre (blue), and bottom
(green)). (a)—(f) are the simulation results for the 66-mer aptamer and
(9)—() are the results for the shortened one (38 mer). All simulations
were performed for 100 ns. The salt concentration was 0.15 M.

the other recognition sites. Up to eight hydrogen bonds can be
formed during the complex stabilization stage. We therefore
drew the conclusion that strong binding occurs at the central
region of the 66-mer aptamer. Eliminating nucleobases outside
this binding site might not change the specificity of the
aptamer, which could lead to rapid detection of 8-oxo-dG. In
addition, it was recently found that shorter aptamers are able to
increase the sensitivity during colorimetric detection.*

3.2 Molecular recognition engineering

It has been reported by Alsager and co-workers*® that shortening
the sequence of the aptamer can improve the performance of
colorimetric aptasensors. In the present work, we propose a way
to edit the aptamer sequence using MD simulations. Due to the
strong binding interactions in the central region of the aptamer,
we shortened the 66-mer aptamer by cutting off the nucleobases
not bound with 8-oxo-dG during the complex formation. Bases

17596 | RSC Adv., 2019, 9, 17592-17600
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outside of the binding region can adhere to AuNPs and decrease
the sensitivity of the colorimetric aptasensor. Thus, the bases
outside the binding site were eliminated and the shortened
sequence of the aptamer is composed of 38 bases, which are
coded by the bold letters: 5-GCG GGC GAT CGG CGG GGG GTG
CGT GCG CTC TGT GCC AGG GGG TGG GAC AGA TCA TAT
GGG GGT GCT-3'. Comparison between the 66-mer and 38-mer
systems showed that shortening the sequence of the aptamer
did not affect the binding capability of the aptamer, as illus-
trated in Fig. 4(g)-(1). The 38-mer aptamer is capable of forming
a complex with 8-oxo-dG. Up to eight hydrogen bonds were
found during the complex stabilization stage. Snapshots of the
binding between 8-oxo-dG and the 38-mer aptamer at the top,
central, and bottom regions are shown in Fig. S3-S5,7 respec-
tively. RMSD plots of the conformational change of the 66-mer
and 38-mer aptamers in the presence and absence of 8-oxo-dG
are also shown in Fig. S6.1 This demonstrates the benefits of
molecular recognition engineering by in silico design, which
is expected to improve the performance of colorimetric
aptasensors.

To investigate the conformations of the DNA aptamer during
the stabilization stage, FELs were constructed using two reac-
tion coordinates, RMSD and R,. Fig. 5(a) and (b) show the FEL of
the 66-mer aptamer binding with 8-oxo-dG initially placed at the
centre of the aptamer in a solution of 0.15 M NaCl. During the
complex formation, two stable stages were found. The first one
(stage 1 in Fig. 5) was observed once the aptamer and 8-oxo-dG
were initially in contact (at ¢ = 7 ns) and the free energy
decreased to 9.40 k] mol?, for which the RMSD and Ry were 1.0
and 5.7 nm, respectively. Subsequently, the DNA aptamer

»

—_ Q.4
E s P’}
[a] ¥ o Y
(%) \ ¥V 4
= 4
@ B

3 4 5 6 kd/mol A\ \éi)'

State 2' State 1'

(d)

Fig. 5 The projected free energy contour plots using Ry and RMSD,
and conformational changes of (a and b) the 66-mer aptamer and (c
and d) the 33-mer aptamer. Different colours in the free energy
landscapes represent different energy levels, varying from blue (low
energy) to red (high energy). The initial position of the 8-oxo-dG was
at the middle of the aptamers.
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transformed from a random coil to a secondary structure for
which the free energy was reduced to 2.35 k] mol™' (RMSD =
5.9 nm and R, = 2.3 nm). This stable stage was observed from
¢t = 80 ns until the end of the simulation. To further investigate
the conformational changes of the 66-mer aptamer with
different initial positions of 8-oxo-dG, the FELs of the aptamer
with 8-oxo-dG placed at the top and bottom regions were
calculated. The stable stages of the binding interactions are
shown in Fig. S7.f In the case of the 38-mer aptamer, the
conformational changes of the shorter aptamer show two stable
stages, as depicted in Fig. 5(c) and (d). Both stabilization stages
had the same free energy of 1.88 kJ mol *. The first state
happened at RMSD = 2.4 nm and R, = 2.3 nm, while the second
state was observed at RMSD = 3.0 nm and R, = 1.8 nm. The
FELs of the 38-mer aptamer with 8-oxo-dG placed at the top and
bottom positions are also shown in Fig. S8.1 A comparison of
the FELs of the 66-mer and 38-mer aptamers revealed that the
long aptamer shows only one conformation at the complex
stabilization stage, while the short one shows two different
configurations with the same free energy.

3.3 Salt-induced aggregation of the AuNPs

Citrate plays an important role in the stabilization of AuNPs in
solution. Therefore, the interactions between citrate molecules
and a 2 nm-in-diameter AuNP were investigated. We have
previously reported that citrate can be modified onto the surface
of AuNPs with three different configurations, which are mono-
carboxylate monodentate, monocarboxylate bridging, and
dicarboxylate bridging.** At the equilibrium stage, 30 citrate
molecules were modified onto the surface of a 2 nm-in-diameter
AuNP, corresponding to a density of citrate on the surface of the
AuNP of 2.5 molecules per nm? Due to the modification of
citrate anions onto the surface of the AuNP, the surface of the
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AuNP is negatively charged due to the anionic carboxylate
groups. This results in an increased stability of the citrate-
capped AuNP.

In order to apply citrate-capped AuNPs in the colorimetric
aptasensor, the interparticle distances between AuNPs in
a solution of 0.15 M NaCl were observed. Under a high salt
concentration, Na' can interact with the negatively charged
citrates. A high concentration of Na" was found around the
AuNP surface, as shown in the radial distribution function in
Fig. $9.1 It was found that three Na" ions can interact with one
citrate molecule. This results in electrostatic screening between
the citrate-capped AuNPs. In the present work, the interactions
between two citrate-capped AuNPs with and without NaCl were
investigated in detail. As illustrated in Fig. 6, under a high salt
concentration, the initial interparticle distance was 5 nm and it
rapidly decreased to below 1 nm at ¢ = 4.5 ns. The distances
between the AuNPs then remained below 1 nm until the end of
the simulation (¢ = 50 ns) with an average interparticle distance
of 0.68 nm. In contrast, in the absence of NaCl, the distances
between the AuNPs were higher than 1 nm throughout the
simulation due to repulsion between the negatively charged
AuNPs. This was confirmed using TEM micrographs, as shown
in Fig. 6(e) and (j). The experimental details can be found in the
ESIL.f The decreased interparticle distance under a high salt
concentration results in an optical property of the AuNPs. When
the nanoparticles are in close proximity, the individual surface
plasmons can couple, leading to a shift in the optical
response.* Electron tunnelling begins to influence the plasmon
resonance at an interparticle distance of ~1 nm.*** Thus,
a blue-shift in the LSPR frequency occurs once the AuNPs are
aggregated. This results in a change in the solution colour and
can be applied in the colorimetric aptasensor discussed in the
following sections.

(c)t=5ns (e) TEM (with NaCI)

(d) t=50ns

(i)= 50 ns

(h) t=10ns (i) TEM (without NaCl)

Interparticle distances of the citrate-capped AuNPs as a function of time and snapshots of the AuNPs in solution: (a—e) with NaCl and (f-j)

without NaCl. The concentration of NaCl was 0.15 M. Na* and Cl™ ions are represented by dark blue and purple balls, respectively. The cor-
responding colours of the AuNP solutions are shown in the insets of (e) and (j).

This journal is © The Royal Society of Chemistry 2019
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3.4 Adsorption of anti-8-ox0-dG onto AuNP surfaces

As discussed in the Introduction section, adsorption of the anti-
8-0x0-dG aptamer onto the surface of the AuNPs plays a vital
role in the colorimetric aptasensor as adsorption of the aptamer
onto the AuNP surface can increase the stability of the citrate-
capped AuNPs under high salt concentrations. However, the
mechanism for adsorption of the anti-8-oxo-dG aptamer onto
the surface of the AuNPs has not been revealed yet.

To gain insight into the molecular interactions between the
66-mer anti-8-oxo-dG aptamer and a AuNP, adsorption of the
aptamer onto the AuNP surface was characterized as a function
of the minimal contact distance between the gold atoms and the
aptamer. The simulation was performed for 100 ns. Adsorption
of an oligonucleotide onto the gold surface results in repulsion
between the phosphate groups of the aptamer and citrate
groups on the AuNP surface, resulting in movement of the
citrate anions to the nearest planes of the AuNP. Diagrams for
adsorption of the aptamer onto the AuNP surface are shown in
Fig. 7(a) and (b). Analysing the minimal contact distance
revealed that the non-covalent bonding interactions are due to
bonding between O and N atoms of the nucleobases and the
gold atoms. As one can see in Fig. 7(c) and (d), once the aptamer
comes into close proximity, the distances between the N and O
of C35 and C36 and the AuNP fall below 1 nm. The distance
between the O of C35 and the gold atom is 0.30 nm at ¢ = 40 ns
and remains at this distance until the end of the simulation.
Besides, the N atom of C35 can also bind to a gold atom. The
distance between the N atom (C35) and the gold atoms fluctu-
ated and became constant, at d = 0.5 nm, from ¢ = 40 ns until
the end of the simulation. In addition to C35, non-covalent
bonding between the N and O atoms of C36 and gold atoms
can also be found, as depicted in Fig. 7(d). Besides the non-
covalent bonding between cytosines and the gold atoms, it is
expected that O and N atoms of other nucleobases are able to
attach to the AuNP surface as well.

.N.(C.3|5)|;| T
O (C35)—

(€)

LI B s B s B B

20 40 60 80 100
Time (ns)

INI(C'3|6)Y;| T .(.dj_
‘O(C36)— -

LI B B L

20 40 60 80 100
Time (ns)

Fig. 7 Adsorption of the oligonucleotide onto the AuNP surface. (a)
and (b) are snapshots of the nucleotide binding at t = 100 ns. (c) and (d)
are the distances between the N and O atoms of the nitrogenous bases
(C35 and C36) and the AuNP as a function of simulation time.
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3.5 Colorimetric aptasensor for 8-oxo-dG detection

Based on the plasmon ruler equation shown in eqn (2), a shift in
the absorption wavelength of the AuNPs depends upon the
particle size (D) and interparticle distance. Therefore, the LSPR
frequency decreases with a decreasing interparticle distance.
The colour of the AuNP solution changes from red to purple
once the AuNPs are aggregated. In the present work, the inter-
particle distances for a couple of AuNPs were observed, to
rationalise the colour change of the AuNP solution.

As shown in Fig. 8(a), in the presence of 132 8-oxo-dG
molecules, the 66-mer aptamer binds with 8-oxo-dG molecules
and can no longer protect the AuNPs from aggregation under
high salt concentrations. As a result, the interparticle distance
between two AuNPs in the saline solution decreased from
6.5 nm (at ¢ = 0 ns) to ~0.26 nm (at ¢ ~ 60 ns). Subsequently, the
interparticle distance remained below 1 nm until the end of the
simulation. Snapshots of the MD simulation are shown in
Fig. S10.T The absorption wavelength of two AuNPs can be
approximated using the plasmon ruler equation (eqn (2)), where
Ao of a 2 nm-in-diameter AuNP is 510 nm.** The absorption
wavelength is shown in Fig. 8(a) (purple line). It is worth
noticing that at ¢ ~ 60 ns, the distance dropped below 1 nm and
the absorption wavelength rapidly increased from 510 nm to
560 nm. This is due to plasmon coupling between the AuNPs
once the interparticle distances between the AuNPs are in the
quantum regime (<1 nm).***” To increase the sensitivity of the
colorimetric aptasensor, we suggest using larger AuNPs which
could result in a larger red-shift (A > 560 nm). The aggregation of
the AuNPs in the presence of 8-oxo-dG-bound aptamers in
saline solution was confirmed using TEM analysis, as shown in
Fig. 8(b). The purple colour of the solution can be observed by

10 \II|III L TTT TTT
3 " (b)
8 3 ) “ 560
B 1 ]
£ 6 - 540 =
T 1 E
54 1 500 2
= ] — 520 <
37
824 ]
0 = TTT | TTT | TTT | TTT ‘ TTT 500
0 20 40 60 80 100
Time (ns)
10 I UL | TTT | TTT | TTT ‘ TT I_
8 560
€ ]
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o E
§ 4 b
g 3 520 <
g 7
8 2 _
o - TTT | TTT I TTT | TTT ‘ TT I_ 500
0 20 40 60 80 100

Time (ns)

Fig. 8 The interparticle distances and absorption wavelengths of the
AuNPs as a function of simulation time: (a and b) with 132 8-oxo-dG
molecules and (c and d) without 8-oxo-dG. The insets in (b) and (d)
show the solution colours which correspond to aggregation and
dispersion of the AuNPs in solution, respectively. The concentration of
NaClis 0.15 M.
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the naked eye. In the absence of 8-oxo-dG, the aptamer can
adsorb onto the surface of the AuNPs and prevent the AuNPs
from aggregating under high salt concentrations. As shown in
Fig. 8(c), after a 100 ns simulation, the average interparticle
distance is ~2.2 nm and the calculated absorption wavelength
is 510 nm. This is due to steric hindrance between the aptamers
adsorbed on the AuNP surfaces as depicted in Fig. S11.f The
distribution of the AuNPs in the absence of 8-oxo-dG is
demonstrated using a TEM micrograph, shown in Fig. 8(d). The
colour of the solution appeared as red. To sum up, the colour
change of the citrate-capped AuNP solution in the presence and
absence of 8-oxo-dG can therefore be used to diagnose the
oxidative stress levels of patients, which can be simply observed
by the naked eye.

4 Conclusions

Our MD simulations can be used to gain insight into the
mechanism of the colorimetric aptasensor. The binding inter-
actions of the anti-8-oxo-dG aptamer and 8-oxo-dG were clearly
elucidated. The binding mechanism between the anti-8-oxo-dG
aptamer and 8-oxo-dG has the following characteristic stages: (i)
adsorption, (ii) binding, and (iii) complex stabilization. Our
simulations have revealed the binding sites of the anti-8-oxo-dG
aptamer and 8-oxo-dG during complex formation. The recog-
nition sites include G3, G4, G5, C6, T20, G32, T33, C35, G34,
T43, G44, G45, C53, T55, A56, G62, T63, G64, C65, and T66. The
binding was investigated using the minimal contact distances
and the number of hydrogen bonds between 8-oxo-dG and the
aptamer. It was found that the anti-8-oxo-dG aptamer could
bind with 8-ox0-dG throughout the aptamer. We also proposed
how to engineer a shorter aptamer through in silico design. It is
expected that the shorter aptamer will result in a decrease in the
detection time. To confirm the aggregation of citrate-capped
AuNPs in a salt solution, the interparticle distances between
two AuNPs were observed. The distance dropped from 5.00 nm
to 0.68 nm within 100 ns. In the absence of NaCl, the distances
between the AuNPs were higher than 1 nm throughout the
simulation due to repulsion between the negatively charged
AuNPs. It was suggested that nucleotides can adsorb onto the
AuNP surface via both the N and O atoms, preventing aggre-
gation of the AuNPs under a high salt concentration. The
mechanism of the colorimetric aptasensor was also investigated
using computer simulations. Upon the addition of 8-oxo-dG
molecules, they can bind with anti-8-oxo-dG rather than the
AuNPs. Then the anti-8-oxo-dG aptamer can no longer prevent
the AuNPs from aggregating under high salt concentrations.
The interparticle distance between two AuNPs in the saline
solution decreased from 6.5 nm to 0.26 nm, corresponding to
calculated absorption wavelengths for the dispersed and
aggregated AuNPs of 510 and 560 nm, respectively. Our simu-
lations were validated by the experimental data and both results
are in good agreement. Complete understanding of the mech-
anism of the colorimetric aptasensor based on citrate-capped
AuNPs present in this work can pave the way for rapid naked-
eye detection of 8-oxo-dG in urine.

This journal is © The Royal Society of Chemistry 2019
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