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Abstract

Colorimetric aptasensor based on assembly of
salt-induced gold nanoparticles (AuNPs) is a
promising biosensor. However, the molecular
mechanism of the aptasensor is far from be-
ing fully understood. Herein, molecular dy-
namics (MD) simulation was used to investigate
molecular interactions in the detection of ochra-
toxin A (OTA) including: (i) the molecular
recognition of the anti-OTA aptamer, (ii) OTA-
aptamer interactions in monovalent (Na™t) and
divalent (Mg®") electrolytes, (iii) the binding
mode of citrate on the AuNP surface, (iv) in-
teractions of the aptamer with citrate-capped
AuNPs and (v) a detailed mechanism of the
aptasensor. Our MD simulations revealed a
specific binding of the OTA-aptamer complex,
compared with OTB and warfarin. Compared
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with Nat, Mg?" ions exerted a more effective
attractive force between OTA and anti-OTA
aptamer. Three different binding modes of cit-
rate on AulNP surfaces were found. The kinet-
ics of the adsorption of unfolded aptamers onto
the citrate-capped AuNP was also elucidated.
Most importantly, our MD simulation revealed
an insightful analysis of the molecular mecha-
nisms in the AuNP-based aptasensor and paved
the way for the design of a novel colorimetric
aptasensor for other target molecules, which is
not limited to OTA detection.

INTRODUCTION

Ochratoxin A (OTA), a type of mycotoxins,
is produced by microorganisms such as As-
pergillus and Penicillium. OTA is chemically
stable and has a relatively long half-life (35.5
days in humans). Its producers grow easily in
various grains like coffee, peanuts, and rice. Ad-
ditionally, the commercialized food systems like
wine, bread, and even meat products can also
be contaminated. ! Several studies have intro-
duced OTA as a nephro-, hepato-, neuro-, im-
munotoxic, and also teratogenic agent.? There-
fore, it attracts research attention as a new
threat to public health and is required to be
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regulated. To avoid the risk of OTA consump-
tion, it is vitally important to have an appro-
priate analytical technique for an ultrasensitive 7
detection of OTA. 75

Aptamer-based biosensor is a promising can- 7
didate for a highly sensitive detection of OTA. #
Aptamers are single-stranded oligonucleotides 7s
that are designed through an artificial process 7
named systematic evolution of ligands by ex- s
ponential enrichment (SELEX).* Aptamers ex- a
hibit high selectivity and affinity. In addition, s
they provide a broad range of targets and are s
easily produced, readily available and highly re- ss
producible and stable.® These advantages pro- ss
mote the extensive use of aptamers as the recog- s
nition elements in biosensors. Applying ap- s
tamers as the recognition elements provides ss
sensitive aptamer-based sensors (aptasensors)® s
which can be used to detect various analytes in- o
cluding antibiotics,” toxins,® metal ions,? and o
viruses. 19 %

In recent years, numerous aptasensors have o
been introduced for the detection of OTA:12 o,
which function through various detection os
modes. ¥ 1% Compared with these techniques, o
colorimetric methods have a simpler sens- o
ing mode which allows detection to be made o

99

100

Citrate Anti-OTA aptamer
101
&N £
Lok W - ; J“-:( 102

Figure 1: Schematic illustration of the sens-'
ing mechanism of AuNP-based colorimetric ap-
tasensor for OTA detection. The colors of anti-
OTA aptamer represent different nitrogenous '
bases. Adenine (A), thymine (T), cytosine (C) ™
and guanine (G) correspond to blue, yellow,

green and purple, respectively. e

119

120

by naked eye.'® Aptamer-based colorimetric
analysis is a method of detection of a target
molecule in a solution with the aid of aptamers.
There are diverse sensing strategies, and among
them colorimetric aptasensor based on analyte-
induced aggregation!”/disaggregation'®1?  of
gold nanoparticles (AuNPs) has been fre-
quently reported in the literature. The review
of the strategies, mechanisms and recent devel-
opments for the use of AuNPs as colorimetric
biosensors was recently reported.?° This sensing
strategy is based on the interparticle distance
dependence of optical properties of AuNPs.
The apparent color of dispersed AuNPs in the
solution changes from red to blue after ag-
gregation due to the shift of surface plasmon
resonance to a higher wavelength. Therefore,
the presence of a particular analyte can be
monitored by observing the color change of the
solution.

AuNPs-based aptasensor can be typically
divided into two categories: (i) unfunction-
alized AuNPs aptasensors and (ii)) DNA-
functionalized AuNPs aptasensors. In unfunc-
tionalized AuNPs aptasensors, the unfolded ap-
tamers can adsorb onto the negatively-charged
AuNPs, thus preventing AuNPs from aggregat-
ing in saline solution as illustrated in Figure 1.
When aptamers turn into a target-aptamer
complex, they will be released from the AuNPs,
so the addition of NaCl leads to the aggregation
of the AuNPs.?! For the DNA-functionalized
AuNPs aptasensors, disassembly of preformed
DNA-functionalized AuNP dimers by analyte
induction is another successful method which
proves superior to unmodified AuNPs aptasen-
sors in terms of stability, sensitivity and detec-
tion range. '® To obtain higher analytical figures
of merit, deeper understanding on the sensing
mechanisms of the aforementioned strategies is
required. However, there have been only a lim-
ited number of theoretical works?? examining
features of interactions of an anti-OTA aptamer
with OTA. In addition, deeper molecular-level
analysis of the sensing mechanisms for OTA
detection has not been revealed yet, despite a
large volume of experimental reports!™ Y of the
aptamer-based biosensor.

In light of this, we performed a computa-
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tional modeling, based upon molecular dynam- es
ics (MD) simulation, to gain an insight into e
the molecular mechanisms of a colorimetric ap- s
tasensor. MD simulation was used to (i) in- e
vestigate recognition interactions between the 1o
anti-OTA aptamers and OTA molecules. Our i1
study shows recognition sites of the anti-OTA 1
aptamer and provides a deeper understanding 173
of the binding interaction. The specificity of 17
the anti-OTA aptamer can be performed by s
MD simulation. Besides, (ii) the influences of 17
monovalent (Na™) and divalent (Mg®") elec- 177
trolytes on the binding interaction and stabili- 17
ties of the OTA-aptamer complexes have been 17
observed. Furthermore, (iii) a detailed picture s
of the AuNPs and binding modes of citrate was s
obtained by computational modeling. Elucidat- s
ing the binding mode of carboxylate-containing 1ss
ligands to AuNPs is crucial to the understand- 1ss
ing of their stabilizing role as a sensor probe. 1ss
This is of great importance for the insightful iss
discussion of the assembly and disassembly of 1s7
AuNPs. (iv) The binding of anti-OTA aptamer s
onto the AuNP surface was taken into account. s
Finally, (v) the sensing mechanisms for OTA 10
detection, but not limited to, can be clearly un- 101
derstood by our in silico study which can also 19
be used to explain the experiment of Yang and 10
co-workers?! and related works.!® 104

METHOD 128

196

Force Fields of AulNPs and,,
Biomolecules 198

199
The nanocrystalline structure of the AuNP is

characterized as a face-centered cubic (FCC)
lattice structure. The equilibrium shape of the
AuNP is a modified truncated octahedron.? A
2-nm-in-diameter AuNP, composed of 309 Au
atoms, was constructed by cutting the crys-
tal out of a bulk gold face-centered cubic lat-
tice.  The oxidation state of Au atoms is
Au(0).** The transferable AMBER-compatible
force field parameters for AuNP was obtained
from the literature.?® For the single-stranded o
DNA (ssDNA) aptamer, the structure of the
DNA was generated by NAFlex,?® an on-line ,

200
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web server that offers a variety of simulation
methods to obtain a dynamic view of nucleic
acid structures. The sequence of anti-OTA ap-
tamer is 5’-GAT CGG GTG TGG GTG GCG
TAA AGG GAG CAT CGG ACA-3'.1%2! Each
nucleobase is hereafter denoted as BX, where
B and X are a nucleobase and the order of
the nucleobase from the 5" end, respectively.
It was experimentally found that the anti-
OTA aptamer has high binding affinity with
OTA molecules and possesses the ability to in-
duce the formation of antiparallel G-quadruplex
structure.?!’ The force field for DNA atom-
istic simulation is AMBER parmBSC12" which
had been parametrized from high-level quan-
tum mechanical data.?® AMBER parmBSC1
was tested by Ivani and co-workers?” for nearly
100 systems and evaluated for a total simulation
time of 140 us which covered most of the DNA
structures. For the biomolecules used in the
simulation, including ochratoxin A, ochratoxin
B (OTB), warfarin and citrate, the Hartree-
Fock theory from Gaussian09 software pack-
age using HF /631G* method was used to opti-
mize the structures, whereas the partial charges
were derived from using ANTECHAMBER.?
All force field parameters can be found in the
supplementary information (SI) in Table S1 and
Table S2.

Hybrid Solvation

Since the ssDNA aptamer contains 36 bp, the
simulation box is relatively large and the cal-
culation consumes expensive computational re-
sources. The accurate simulation of such a
biomolecular system depends upon the solva-
tion effect. As the solute-solvent distance in-
creases, the properties of water tend to become
similar to those of the bulk liquid. The bulk
area could therefore be represented by a coarse-
grained (CG) solvent model whereas the water
around the solute was considered in atomistic
details.?"3! In our hybrid model, the system
consists of a ssDNA aptamer, target molecules
and citrate-capped AuNPs, surrounded by a
shell of atomistic waters (TIP3P), embedded in
CG molecules, called WatFour (WT4), to rep-
resent bulk water. In the WT4 water model,
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eleven water molecules are grouped into four »s RESULTS AND DISCUS-

tetrahedrally interconnected beads.?? This can

effectively mimic the dynamics of molecular ™

systems composed of pure all-atom water. Af-
ter the insertion of the ssDNA aptamer, coun-
terions (Na* and Cl7) were added to the sol-
vents (both atomistic and CG shells) to en-
sure electroneutrality.  Compared with all-
atom model having the same simulation box
size (16.5x16.5x16.5 nm?), the number of wa-
ter molecules was dramatically reduced from
444824 atoms to 90463 atoms. This hybrid sol-
vation provides a significant reduction of the
number of water molecules leading to signifi-
cantly faster simulation time. In addition to a
reduction in the computational cost, it opens
the door for its employment to study the bio-
logical processes which occur on space and time
scales that are often unreachable for fully atom-
istic simulation.

Simulation Details

All simulations were performed by the GRO-
MACS 5.0.4 package®® with a time step of 2 fs.
The LINCS algorithm was applied to all bonds
connected to hydrogen atoms. The Lennard-
Jones potential was applied to estimate van der
Waals interaction with a cut-off radius of 1.2
nm for gold atoms, and o = 2.629¢~! nm and

= 22.133 kJ/mol. The system temperature
was set at 300 K. Berendsen temperature cou-
pling and Parrinello-Rahman pressure coupling
were used to set the system in an NPT en-
semble. Time constant for pressure coupling
(1 bar) was 6 ps. The particle mesh ewald
(PME) method was applied to calculate the
long-range electrostatic interactions. All visu-
alizations were done with Visual Molecular Dy-
namics (VMD).34

263

265

266

268

269

270

SION

Molecular Recognition of Anti-
OTA Aptamer

Anti-OTA aptamers are functional ssDNA ob-
tained from a random oligonucleotide library
through SELEX technique.®® Although the
anti-OTA aptamer,'®2?! which binds to OTA
with high affinity and specificity, has been
widely used and developed into a novel detec-
tion method for the toxin, the binding interac-
tion between the unfolded anti-OTA aptamer
and OTA is still not clear. To confirm the affin-
ity and specificity between the aptamer and the
target molecule, we carried out MD simulations
to compare the molecular recognition among
three different structures including OTA, OTB
and warfarin. The chemical structures and the
molecular recognition of these target molecules
are illustrated in Figure 2.

Ochratoxin A (OTA) Ochratoxin B (OTB) Warfarin
,.=~.._|H0\_ O oHo HO T L0 0 OH o CH:
S e T e T NN N O o ] OH
HoOL L H LA .
S CHy - -~ CH3
cl
4 ! 4 0 ]
£3| I ’s‘s £ 8[ _
£ | i | £ Eg ] |
221l | %2 A f s W
w1 ' d,=0450m| B} ‘d? wz , 1
a ol pehopstisensiat O 0 ‘]}& ........................... |
0 20 40 60 80 100 O 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns) Time (ns)
T = I e o S
23| i 23 E3
2 2 5
T 2| I2 2
S S 5
51| g1} 31
E 5 ‘ E
g 0 e _E' ol i - 5 0
0 20 40 B0 80 100 0 20 40 60 80 100

0 20 40 60 80 100
Time (ns) Time (ns) Time (ns)

(@) (b) (c)

Figure 2: Recognition interaction of anti-OTA
aptamer. The minimum distance between tar-
get molecules and the aptamer and the num-
ber of hydrogen bonds between target molecules
and the aptamer with the simulation time of
100 ns. The target molecules include (a) ochra-
toxin A, (b) ochratoxin B and (c¢) warfarin. The
dashed line shows a cut-off distance of 0.45 nm
to define non-covalent binding.
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OTA and structural analogues of OTA, i.e., 30
OTB and warfarin, were used to evaluate the sz
selectivity and specificity of the aptamer. The 32
molecular interaction between the aptamer and s
these target molecules was observed by MD sz
simulations for 100 ns. Basically, the binding s
interaction between the aptamer and the tar- s
get molecule is a result of non-covalent bonding s»7
consisting of van der Waals forces, hydrogen s
bonds and electrostatic interactions.?36:37
der Waals interactions typically extend to a dis- s
tance of 0.6 nm for large biomolecules. In the s
present simulation systems, we conservatively s
used a cut-off distance (d.) of 0.45 nm as the 3
distance to define non-covalent OTA-aptamer s
binding. Accordingly, the OTA-aptamer combi- s
nation is considered to be in a bound configura- sz
tion provided that the distance between atoms ss
within the binding region is lower than d. for ss
a minimum of 20 ns. For the hydrogen bond- s
ing, the hydrogen bond is considered to have s
a maximum distance of 0.35 nm and a corre- sa
sponding angle of 30° or less between the donor sz
and acceptor atoms.?’ 343

To perform the binding simulations, OTA, 3.
OTB and warfarin were placed in the same sim- s
ulation box. For the OTA, it was found that s
there were two states of the binding complex. s
As shown in Figure S1, at t = 16 ns, OTA s
could bind with C17, G18, T19 and A20 of 3w
the aptamer and the binding continued until sso
t = 36 ns. Subsequently, the OTA strongly ss
bound with three nubleobases including G16, 35
C17 and A21 and remained bound with these ss3
bases until the end of the simulation. A bound ss
configuration was observed at ¢ = 20 ns (see sss
Figure 2(a)). At this state, the distance be- ss
tween the OTA molecule and the binding sites sz
fell below d. and remained below the cut-off sss
distance for the remainder of the simulation. It ss
was noticeable that the OTA frequently bound ss
with three nucleobases including G16, C17 and 36
A21. The interactions between the 21%° adenine se
nucleotide (A21) were present throughout the s
OTA-aptamer complex simulations. This sug- ses
gests that A21 plays an important role in the s
molecular binding. 366

Hydrogen bond analysis could be used to se
identify such a structural change, since the ap- ss

val 329
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tamer tertiary structure was held together by
hydrogen bonding. As can be seen in Figure 2,
the formation of hydrogen bonds generally cor-
responded with the minimal contact distance.
In other words, when OTA was close to one
of the aptamer bases, hydrogen bonds formed
simultaneously. This was in accordance with
the number of hydrogen bonds of the OTA-
aptamer complex, as illustrated in Figure 2(a).
A detailed analysis of hydrogen bond formation
between atoms within an OTA-aptamer bind-
ing complex reveals that there are two states of
complex formation. The atom indexes in OTA
are shown in Figure S2. In the initial state,
hydrogen bonds are formed between hydrogen
atoms of OTA and oxygen atoms of C17, G18
and T19 of the aptamer. The indexes of each
oxygen atom in C17, G18 and T19 are shown
in Figure S3(a)-(c). The hydrogen bonds at the
initial state are due to the interactions between
H9-02(C17), H16-O2P(G18) and H8-O4(T19).
As can be seen, the number of hydrogen bonds
formed at the initial state is less than those
found in the bound state (Figure S4). In other
words, in the initial state solely weak interac-
tions are observed. The second state involving
of stronger bonding of atoms is stronger than in
the initial one. The favored interactions are due
mainly to the hydrogen bonding between oxy-
gen atoms of OTA and hydrogen atoms of A21.
Key atoms that form the hydrogen bonds be-
tween OTA and the aptamer are O1-H62(A21),
02-H62(A21) and O3-H62(A21), as illustrated
in Figure S4. During the bound state, the num-
ber of hydrogen bonds fluctuated with a maxi-
mum number of hydrogen bonds of three. Dur-
ing this time, the aptamer structure reorganized
to a stable conformation. Towards the end of
the simulations, the variation within the num-
ber of hydrogen bonds in the aptamer structure
was found to be minimal. Apart from C17, G18,
T19 and A21, other nucleobases could also serve
as binding positions from time to time. To sum
up, the binding sites of the anti-OTA aptamer
at the stable state included the following nu-
cleotide bases: G1, G16, C17, G18, T19, A20,
A21, G27, C28, G33, and A34.

To ensure the specificity of the anti-OTA ap-
tamer, we then observed the molecular recogni-
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tions between the anti-OTA aptamer and OTB a2
and warfarin. Hydrogen bond analysis and the , ,
distance between the aptamer and the target
molecules could identify the molecular selec- )
tivity of the aptamer. Those molecules could s
not bind with the aptamer and the significant s
formation of hydrogen bonding was not found, a7
as illustrated in Figure 2(b)-(c). Our simu- as
lation confirms the recognition interactions of s
the anti-OTA aptamer and is in good agree- s
ment with the experiment in which the aptamer ax
bound with a 100-fold less affinity to OTB and
did not form compounds with warfarin.3? 423

Besides, we also performed the simulations to s
verify the molecular recognition of the widely- s
used sequence by shortening the aptamer. The s
binding between OTA and three different mod- 7
ified aptamer sequences was conducted. The s
distance between OTA and aptamer, and the s
number of H-bonds of three modified sequences 43
are illustrated in Figure S5. For the sequence
(a), the anti-OTA aptamer was shortened by
removing twelve nucleobases from the 3’ end.
In the case of the sequence (b), six nucleobases
were removed from both 3" and 5" ends. The se-
quence (c¢) was modified by substituting G11 by
a cytosine residue and three additional nucle-
obases (ACG) were added at the 3" end, high-
lighted in red. It was found that the modifi-
cation of the anti-OTA aptamer sequences in-
duces losses of affinity and specificity, as shown
in Figure S5(a)-(c). Compared with OTA, the
binding with OTB is stronger for the sequence
(a) (Figure S5(a)). In other words, the speci-
ficity is lost once the sequence of anti-OTA ap-
tamer is modified. To sum up, the binding abil-
ity is sequence dependent. This is in accordance
with the experimental findings. 3’

Since the binding interactions depend upon
the environment of the system such as solvents,
in the following section, the effect of monovalent
and divalent electrolytes on the binding of OTA
and aptamer will be taken into consideration.

14

OTA-aptamer Interactions in
Monovalent and Divalent Elec-
trolytes

The structures and functions of nucleic acids
are sensitively correlated with the “counterion
atmosphere” owing to their polyelectrolyte na-
ture.?® DNA is negatively charged due to its
sugar-phosphate backbone and the partial neg-
ative charge in the OTA molecule is a result
of carboxyl, carbonyl, ester, and chloro groups.
Consequently, the interaction between the ss-
DNA aptamer and OTA is primarily through
electrostatic and van der Waals forces. The
counterions around the ssDNA aptamer and
OTA plays a key role in electrostatic screen-
ing which reduces the repulsion between these
biomolecules. Divalent ions (Mg®T), compared
with monovalent ions (Na'), have stronger
interactions with nucleic acids.®® Li and co-

N w
T T
(=) 4
I

N

Distance (nm)
N
|
Number of H-bonds

o

w

N

-

Distance (nm)
N
|
Number of H-bonds

[Mg*1=0.15M |
Il L

0 ) 1

o

w

4r ©) 1

N

-

Distance (nm)
N
T
Number of H-bonds

[Mg*]=0.30 M
O L 1 L Il L Il L Il
0 20 40 60

Time (ns)

: 0
80 100 0 20 40 60
Time (ns)

80 100

Figure 3: (a)-(¢) The minimum distance be-
tween the aptamer and OTA versus time with
different magnesium ion concentrations [Mg?*].
(d)-(f) The number of hydrogen bonds between
OTA and the aptamer with the [Mg*"] = 0,
0.15 and 0.30 M, respectively. The salt concen-
tration of all simulations is 0.15 M.
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workers reported®® that Mg ions have stable
hydration shells and stronger interaction with ,
DNA. Cruz-Aguado and Penner® selected var-
ious aptamers that can bind OTA with various “
affinities. In this work, the effect of the magne- 42
sium concentrations on the aptamer-OTA bind- 43
ing affinity was analyzed, and the binding was
found to depend on the presence of Mg?*. Since
the counterions are highly dynamic, it is dif- 4
ficult for experimentalists to provide a micro-
scopic description. In addition, the detailed “88
atomistic interacting picture of the effect of di- *2
valent electrolytes on the OTA-aptamer inter- °
action is scarcely documented. 491
In the present study, the effects of Mg?* ions, 42
in comparison with those of Na®™, on OTA- %3
aptamer binding interaction were studied by “*
MD simulations. It was found that Mg?* ions 5
prefer to bind to the oxygen atom in the phos- ¢
phate backbone through electrostatic interac- 47
tion. When the anti-OTA aptamer was in close
proximity to the OTA molecule, Mg** ions ac- 4
cumulated at the interfacial area and formed soo
ion-dipole interaction and electrostatic interac- so:
tion with chloro group in the OTA molecule so
and oxygen in the phosphate group, respec- sos
tively, like “bridging” them together (see Fig- sos
ure S6). These Mg*" ions exerted an effec- ss
tive attractive force between the two molecules. sos
Both OTA and anti-OTA aptamer can “clamp” sor
onto the Mg?" ion. The O to Mg?*t distance s
is 3.91 A, whereas the distance between CI so0
atom of the OTA molecule and Mg** is 5.67 suw
A. Tt plays more important role than Na® ions su
as the monovalent cations bind to DNA in a s
quite diffusive manner which is much weaker s
than that of a divalent bridge.?® Therefore, the s
binding between OTA and the aptamer in the sis
Mg?*t electrolyte is faster than in monovalent s
electrolyte as one can see from the distance s
(Figure 3(a)-(c)) and hydrogen bonding (Fig- s
ure 3(d)-(f)) between OTA and anti-OTA ap- sw
tamer. However, an increase in Mg*" concen- s
tration, as shown in Figure 3, has no signifi- sz
cant effect on the binding time of OTA-aptamer sz
complex. Our computational results are consis- s
tent with the experimental data published by s
Cruz-Aguado and Penner. > 525

526
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Binding Mode of Citrate in the
Stabilization of AuNPs

The binding of citrate ligands to AuNPs is cru-
cial for the stabilization of AuNPs.3? It is ac-
cepted that the region surrounding the citrate-
capped AuNP is negatively charged due to an-
ionic carboxylate groups. A more detailed pic-
ture of the interactions between the gold sur-
face and the citrate ligand was recently reported
by Al-Johani and co-workers.?* By combining
solid-state NMR, TEM, XPS and DFT cal-
culations, they proposed reasonable structures
and modes of interaction for citrate-stabilized
AuNP surfaces. Based on DFT calculations,
they concluded that there were various bind-
ing geometries between carboxylate-containing
ligands and Au model surfaces and presented
evidence for three different modes: monocar-
boxylate monodentate (1xO'), monocarboxy-
late bridging (ue — 1O : 2k03), and dicar-
boxylate bridging (uy — 1O : 2k03 : 350"
4k0%). XPS experiments indicated that AuNP
surface atoms were mainly in the zero oxida-
tion state Au(0). ?Na NMR and TEM/EDS
experiments also suggested that Na™ ions were
present near the gold surface.

In the present work, the mechanism of citrate
anions adsorbed onto the AuNP surface in an
electrolyte solution was characterized in detail.
Our computational results confirmed recent ex-
perimental findings?* regarding the character-
istic binding modes of citrate anions on the
AuNP surface. The simulation was performed
at a temperature of 373 K with the citrate:Au
molar ratio being 0.2:1. All surface gold atoms
were in the zero oxidation state as reported in
the literature.?*4% After the system was equili-
brated for 35 ns, the number of adsorbed cit-
rate anions on a 2-nm-in-diameter AuNP sur-
face was 19 anions, corresponding to the surface
density of 1.58 anions/nm?. We found that the
Au(111) surface was the most populated facet
to which the citrate anions bound due to its
lowest surface energy.'* The formation of cit-
rate on Au(110) and Au(100) surfaces is less fa-
vorable We then investigated the binding mode
of the carboxylate-containing ligands to AuNP.
The binding mode was examined by the dis-
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tance between the citrate anion and gold atoms
on the surface. Guided by the MD simulations,
we found various binding geometries between
the carboxylate group and the AuNP surface
and three different modes were present as shown
in Figure 4. The geometry with only one car-
boxylate oxygen interacting with one Au is re-
ferred to monocarboxylate monodentate (x), as
shown in Figure 4(a). The distance between O1
and Au atom was 0.33 nm. However, the trans-
formation of the binding could be observed at
t = 82 ns. As a result, O2 could bind with
Au atom instead of Ol. Our Au-O distance
was close to that obtained from a DFT calcu-
lation falling in the range of 0.22 — 0.24 nm.?*
Our simulations also suggested that Na't ions
were present near the gold surface due to the
binding between Na™ ions and oxygen atoms
in the carboxylate group (Figure 4). As illus-
trated in Figure S7, more Na™, compared with
Cl™, were present around the AuNP surface.
This is in accordance with the 2*Na NMR ex-
periments.?* In addition to the s coordination
mode, monocarboxylate bridging (u2) and di-
carboxylate bridging (u4) were also found, as
one can see in Figure 4(b)-(c). In the uy fash-
ion, two Au-O binding motifs were formed at
the gold surface. The resonance of electrons was
responsible for this binding mode where three .,
Na' ions were also found at the surface. Addi-
tionally, the py motif could also be observed in "
which two terminal carboxylates were involved sz
in the binding interactions. It is worth noting sz
that most citrates have uo motif (eight and two sz
citrates on Au(111) and Au(100), respectively). s
Four citrates with the uy fashion have been ob- sz
served on Au(100) and two molecules have k s
coordination mode on Au(111). Three citrate sso
anions are in the secondary shell. 581
Understanding the binding mode of the cit- se
rate ligands on the AuNP surface leads to a ss
complete understanding of the fundamental ad- ss
sorption of ssDNA onto citrate-capped AuNP sss
surfaces which will be discussed in the follow- sss
ing section. 587
588
589
590

591

| %

b

b é@ 1% L0
- b

LS

Side view

Top view
T3
#
Py
" )
%ﬂg p
T "
'1-._:
[}
e

Ons 5ns 35 ns 60 ns 100 ns

Figure 5: ssDNA adsorption through displace-
ment of citrate on AuNP surface. The green
color represents the Au(100) plane. The num-
ber of citrate anions on the adsorbed plane
is decreased with increasing time due to the
electrostatic repulsion between the negatively
charged phosphate backbone and citrate an-
ions. Solvents and ions were not shown for clar-
ity. The simulation was performed for 100 ns.

Interactions of Anti-OTA Ap-
tamer with Citrate-capped AuNPs

ssDNA can be adsorbed by citrate-capped
AuNPs, resulting in an increased AuNP sta-
bility, which forms the basis of a number of
biochemical and analytical applications. The
mechanism of nonthiolated ssDNA adsorption,
however, remains unclear. AuNPs are capped
with negatively charged citrate, posing an
electrostatic barrier for adsorbing negatively
charged ssDNA. ssDNA adsorption must, there-
fore, be achieved by non-ionic forces. It has
been observed that different bases show differ-
ent binding affinities, 42 highlighting the im-
portance of specific nucleobase-Au interaction.
While there is extensive literature about the ad-
sorption of bases, nucleosides and nucleotides in
thin films of different metals such as gold,*? sil-
ver* and even copper,* in the case of NPs,
particularly AuNPs, studies are rather scarce.
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As the mechanism is still unclear, different
models have been suggested. Recently, a mech-
anism has been proposed whose key lies in the
stabilizing force caused by the interaction be-
tween the nucleotides and the AuNP.¢ Accord-
ing to this model, the ssDNA needs to approach
the particle in order to displace the citrate and
is then adsorbed in a latter step. The neu-
tralization of the negative charges by salt addi-
tion favors the process and provides screening
long range electrostatic repulsions. Upon ad-
sorption, the DNA may change conformation
to maximize contact points with the surface.
The adsorbed molecules of DNA create a zone
where other biopolymer molecules cannot get
near and subsequent saturation of the surface
with those zones impedes adsorption of further
DNA molecules.

In this work, the binding interaction between
DNA aptamer and a 2-nm-in-diameter AuNP
has been investigated. The simulation was per-
formed for 100 ns. Based upon our simulations,
we suggest the following mechanism to describe
the ssDNA adsorption. Since the backbone of
the oligonucleotide is negatively charged, the
electrostatic repulsion between the ssDNA and
citrate anions results in the repulsion of citrate
anions to neighbouring surfaces, as illustrated
in Figure 5. The electrostatic interaction not
exclusively determines adsorption kinetics but
also influences the binding capacity. At ¢t = 0
ns, three citrate anions were on Au(100) plane.
Once adsorbed, the ssDNA aptamer changes its
conformation on the surface to maximize the
surface contact. Due to the electrostatic repul-
sion, citrate anions on the AuNP surface were
then repelled to the neighboring crystal planes
and at t = 5 ns, there was no citrate anion
on the Au(100) plane (green color), resulting
in the formation of an area electrostatically ex-
cluded to the ssDNA aptamer. The adsorption
of oligonucleotide on the AuNP surface can be
further examined by the distance between the
nucleotide and the gold surface. As presented in
Figure 6(a)-(b), the phosphates of G9, G15 and
G16 are in close proximity to the AuNP sur-
face thus repulsing citrate anions to the neigh-
bouring planes. At ¢t = 0 ns, the distances
between the phosphates of G9, G15, G16 and

Langmuir
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5

Figure 6: Adsorption of oligonucleotide on the
AuNP surface. (a) Snapshot of backbone bind-
ing interaction at ¢ = 100 ns, (b) distance be-
tween phosphate and AuNP versus time, (c)
snapshot of nucleoside binding interaction at
t = 100 ns and the proposed structure for the
AuNP interaction with guanine” (The dashed
lines represent non-bonded interactions.), and
(d) the distance between N and O of the ni-
trogenous bases and AuNP versus time.

the Au(100) plane were more than 4 nm. Due
to the presence of the oxygen in the carbonyl
group and N(7) nitrogen atom, guanines have
a strong tendency to bind to AuNP through
non-bonded interaction.*® G9 was attached on
Au(111), whereas G15 and G16 were in close
proximity to Au(100). The adsorption involves
the oxygen of the C(6) carbonyl group and the
N(7) atoms of G11, G12 and G13, as shown in
Figure 6(c)-(d). The physisorption process of
ssDNA on the AuNP surface is through gua-
nine moiety which is in good agreement with
the binding interaction proposed by Pergolese
and co-workers. 47
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Figure 7: Interparticle distance between two

aptamer-bound AuNPs as a function of time.
The salt concentration is 0.15 M. The insets ,
show the interactions between AuNPs at t =0 .
and ¢ = 70 ns. The interparticle distance re- ,
mained higher than the threshold distance (1
nm) for a 100 ns simulation, due to the electro-
static repulsion from ssDNA which prevents van .
der Waals attractions and enhances the stabil-
ity of AuNPs against salt-induced aggregation.

687
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701
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705
The unique optical properties of AuNPs, due to 70
localized surface plasmons excited by incident 7o
electromagnetic field of specific energy, have at- 7o
tracted great interest in the past decades be- 70
cause of several associated applications such 7
as ultrasensitive biological and chemical sens- 71;
ing. The localized surface plasmon resonance 71
(LSPR) can be understood as a collective reso- 7
nant oscillation of free electrons within a metal 71,
nanoparticle in response to an incident electro- 5
magnetic radiation. When the NPs are in close 76
proximity, the individual surface plasmons can 7
couple, leading to a shift in the optical response. 715
Surface plasmon coupling depends on the way 719
the NPs are assembled. Theoretical studies by 7.0
Nordlander and co-workers revealed that quan- 7
tum tunneling effects begin to disturb the inter- 7,
action between the surface plasmons when the 7
interparticle distance (d) is below 1 nm. 95! As 1,
the gap distance continues to decrease below a 7

“threshold tunnel-distance” (dy,), the electron
tunneling effect completely modifies the behav-
ior of the plasmonic response in the quantum
regime. %2 Therefore, variations in the assembly
parameters, i.e., interparticle distance, config-
uration and the number of NPs, allow one to
finely tune the resonance wavelength. Since
the plasmonic response of AuNPs is interparti-
cle distance dependent, the assembly of citrate-
capped AuNPs in the saline solution was ob-
served. We initially investigated the aggrega-
tion of two citrate-capped AuNPs in the NaCl
solution with the concentration of 0.15 M. The
initial interparticle distance was 5 nm and fell
below 1 nm within ~ 5 ns, as illustrated in
Figure S8. The addition of NaCl would screen
the charge on the surface of AuNPs, resulting
in an aggregation (d < dy,). To prevent the
aggregation of AuNPs, citrate-capped AuNPs
were modified with ssDNA aptamers. Subse-
quently, we performed an MD simulation for
two aptamer-bound AuNPs in a saline solution
([NaCl]= 0.15 M). The interparticle distance
was initially 3 nm and it remained higher than
the threshold distance (d > dy,) for a 100 ns
simulation, as shown in Figure 7. This is due
to the electrostatic repulsion from ssDNA and
steric hindrance which prevent van der Waals
attractions and enhances the stability of AuNPs
against salt-induced aggregation.

Disassembly of such AuNPs can be induced
by OTA, the target molecules of the anti-OTA
aptamer. Upon the addition of OTA, the spe-
cific binding interaction between OTA and anti-
OTA aptamer resulted in the desorption of the
aptamer from the AuNP surface, as shown in
Figure 8. This prevented the exposure of the
aptamer bases to AuNPs, and thus the abil-
ity to protect AuNPs at a high-salt concentra-
tion was lost. The initial interparticle distance
between AuNPs was 2.5 nm. At ¢t = 43 ns,
the binding interactions of OTA /anti-OTA ap-
tamer was found and then the interparticle dis-
tance of AuNP-AuNP slightly decreased. At
t = 400 ns, the interparticle distance nearly
reached 1 nm. The plot of the interparticle dis-
tance as a function of time is shown in Fig-
ure 59. It is computationally expensive to per-
form the simulation until the aptamer is com-
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pletely released from the AuNP surface. How-
ever, it is expected that after the complete re-
lease of the DNA aptamer, the AuNPs will be
aggregated at a high salt concentration, as pre-
viously discussed in Figure S8. From the ex-
perimental point of view, as the optical proper-
ties of the AuNPs depends upon the interpar-
ticle distance, the color of the solution changes
with the decrease in interparticle distance and
can be observed by naked-eye. Owing to the
interparticle-distance dependent optical prop-
erties, this simple colorimetric method can be
applied to colorimetric biosensors which are not
exclusively limited to OTA detection.

CONCLUSIONS

The hybrid solvation model was used to ex-
amine the molecular recognition at atomistic
level. The binding interactions of the anti-
OTA aptamer and OTA were clearly eluci-
dated. Our simulations revealed the strong
binding zones of the anti-OTA aptamer includ-
ing G1, G16, C17, G18, T19, A20, A21, G27,
C28, G33, and A34. The binding was evalu-
ated by the intermolecular distances and the
number of hydrogen bonds. The divalent elec-
trolyte (Mg®T) played an essential role as a
bridging ion in the binding interactions. The
anti-OTA aptamer is capable of binding with
OTA specifically, compared with OTB and war-
farin. The binding mode of citrate and gold
atoms was elucidated. Three different bind-
ing modes were found on the AuNP surface
including monocarboxylate monodentate (k),
monocarboxylate bridging (1), and dicarboxy-
late bridging (u4). Au(111l) was the favorite
binding plane of citrate. Salt-induced aggre-
gation of citrate-capped AuNPs was a result
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776

T

778

779

780

781

782

783

784

of electrostatic screening. The adsorption of 793

the anti-OTA aptamer onto the surface of the
citrate-capped AuNPs was due to nucleoside
and backbone binding motif. The unfolded
aptamers could adsorb onto the negatively-
charged AuNPs, thus preventing AuNPs from
aggregating in salt solution. Upon the addi-
tion of OTA, the specific binding interaction be-
tween OTA and anti-OTA aptamer resulted in

Langmuir

the desorption of the aptamer from the AuNP
surface. This prevented the exposure of the ap-
tamer bases to AuNPs, and thus the ability to
protect AuNPs under high-salt conditions was
lost. Our MD simulation revealed an insightful
discussion of the molecular mechanisms in the
AuNP-based aptasensor and paved the way for
the design of a novel colorimetric aptasensor.
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Figure 4: Binding of citrate on AuNP surface and assignment of the various citrate binding modes.
The calculation of the distance between oxygen atoms (red) and Au(111) surface are performed in
100 ns. (a) monocarboxylate monodentate 1O (), (b) monocarboxylate bridging s — 16O :

2k03(pg) and (c) dicarboxylate bridging iy — 1O : 2k03 : 30"+ 4k0° (pa)-

t=180ns

t=240ns t=320 ns t=370ns t=400ns

Figure 8: Snapshots of assembly of citrated-capped AuNPs (D = 2 nm) obtained from a 400 ns
MD simulation (without water or ions). Thirty OTA molecules were placed into the simulation
box but only eleven molecules (light purple) are shown for clarity. OTA molecules induce the
formation of a structure in the anti-OTA aptamer and form the OTA-aptamer complex structure.
The aptamer cannot protect the AuNPs from salt-induced aggregation resulting in the assembly of
AuNPs. The interparticle distance (d) is decreased with increasing simulation time. The color code
of oligonucleotide represents different bases. Adenine (A), thymine (T), cytosine (C) and guanine
(G) correspond to blue, yellow, green and purple, respectively.
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