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Abstract1

Colorimetric aptasensor based on assembly of2

salt-induced gold nanoparticles (AuNPs) is a3

promising biosensor. However, the molecular4

mechanism of the aptasensor is far from be-5

ing fully understood. Herein, molecular dy-6

namics (MD) simulation was used to investigate7

molecular interactions in the detection of ochra-8

toxin A (OTA) including: (i) the molecular9

recognition of the anti-OTA aptamer, (ii) OTA-10

aptamer interactions in monovalent (Na+) and11

divalent (Mg2+) electrolytes, (iii) the binding12

mode of citrate on the AuNP surface, (iv) in-13

teractions of the aptamer with citrate-capped14

AuNPs and (v) a detailed mechanism of the15

aptasensor. Our MD simulations revealed a16

specific binding of the OTA-aptamer complex,17

compared with OTB and warfarin. Compared18
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with Na+, Mg2+ ions exerted a more effective19

attractive force between OTA and anti-OTA20

aptamer. Three different binding modes of cit-21

rate on AuNP surfaces were found. The kinet-22

ics of the adsorption of unfolded aptamers onto23

the citrate-capped AuNP was also elucidated.24

Most importantly, our MD simulation revealed25

an insightful analysis of the molecular mecha-26

nisms in the AuNP-based aptasensor and paved27

the way for the design of a novel colorimetric28

aptasensor for other target molecules, which is29

not limited to OTA detection.30

INTRODUCTION31

Ochratoxin A (OTA), a type of mycotoxins,32

is produced by microorganisms such as As-33

pergillus and Penicillium. OTA is chemically34

stable and has a relatively long half-life (35.535

days in humans). Its producers grow easily in36

various grains like coffee, peanuts, and rice. Ad-37

ditionally, the commercialized food systems like38

wine, bread, and even meat products can also39

be contaminated.1–3 Several studies have intro-40

duced OTA as a nephro-, hepato-, neuro-, im-41

munotoxic, and also teratogenic agent.2 There-42

fore, it attracts research attention as a new43

threat to public health and is required to be44
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regulated. To avoid the risk of OTA consump-45

tion, it is vitally important to have an appro-46

priate analytical technique for an ultrasensitive47

detection of OTA.48

Aptamer-based biosensor is a promising can-49

didate for a highly sensitive detection of OTA.50

Aptamers are single-stranded oligonucleotides51

that are designed through an artificial process52

named systematic evolution of ligands by ex-53

ponential enrichment (SELEX).4 Aptamers ex-54

hibit high selectivity and affinity. In addition,55

they provide a broad range of targets and are56

easily produced, readily available and highly re-57

producible and stable.5 These advantages pro-58

mote the extensive use of aptamers as the recog-59

nition elements in biosensors. Applying ap-60

tamers as the recognition elements provides61

sensitive aptamer-based sensors (aptasensors)662

which can be used to detect various analytes in-63

cluding antibiotics,7 toxins,8 metal ions,9 and64

viruses.1065

In recent years, numerous aptasensors have66

been introduced for the detection of OTA11,12
67

which function through various detection68

modes.13–15 Compared with these techniques,69

colorimetric methods have a simpler sens-70

ing mode which allows detection to be made71

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.

by naked eye.16 Aptamer-based colorimetric72

analysis is a method of detection of a target73

molecule in a solution with the aid of aptamers.74

There are diverse sensing strategies, and among75

them colorimetric aptasensor based on analyte-76

induced aggregation17/disaggregation18,19 of77

gold nanoparticles (AuNPs) has been fre-78

quently reported in the literature. The review79

of the strategies, mechanisms and recent devel-80

opments for the use of AuNPs as colorimetric81

biosensors was recently reported.20 This sensing82

strategy is based on the interparticle distance83

dependence of optical properties of AuNPs.84

The apparent color of dispersed AuNPs in the85

solution changes from red to blue after ag-86

gregation due to the shift of surface plasmon87

resonance to a higher wavelength. Therefore,88

the presence of a particular analyte can be89

monitored by observing the color change of the90

solution.91

AuNPs-based aptasensor can be typically92

divided into two categories: (i) unfunction-93

alized AuNPs aptasensors and (ii) DNA-94

functionalized AuNPs aptasensors. In unfunc-95

tionalized AuNPs aptasensors, the unfolded ap-96

tamers can adsorb onto the negatively-charged97

AuNPs, thus preventing AuNPs from aggregat-98

ing in saline solution as illustrated in Figure 1.99

When aptamers turn into a target-aptamer100

complex, they will be released from the AuNPs,101

so the addition of NaCl leads to the aggregation102

of the AuNPs.21 For the DNA-functionalized103

AuNPs aptasensors, disassembly of preformed104

DNA-functionalized AuNP dimers by analyte105

induction is another successful method which106

proves superior to unmodified AuNPs aptasen-107

sors in terms of stability, sensitivity and detec-108

tion range.18 To obtain higher analytical figures109

of merit, deeper understanding on the sensing110

mechanisms of the aforementioned strategies is111

required. However, there have been only a lim-112

ited number of theoretical works22 examining113

features of interactions of an anti-OTA aptamer114

with OTA. In addition, deeper molecular-level115

analysis of the sensing mechanisms for OTA116

detection has not been revealed yet, despite a117

large volume of experimental reports17–19 of the118

aptamer-based biosensor.119

In light of this, we performed a computa-120
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tional modeling, based upon molecular dynam-121

ics (MD) simulation, to gain an insight into122

the molecular mechanisms of a colorimetric ap-123

tasensor. MD simulation was used to (i) in-124

vestigate recognition interactions between the125

anti-OTA aptamers and OTA molecules. Our126

study shows recognition sites of the anti-OTA127

aptamer and provides a deeper understanding128

of the binding interaction. The specificity of129

the anti-OTA aptamer can be performed by130

MD simulation. Besides, (ii) the influences of131

monovalent (Na+) and divalent (Mg2+) elec-132

trolytes on the binding interaction and stabili-133

ties of the OTA-aptamer complexes have been134

observed. Furthermore, (iii) a detailed picture135

of the AuNPs and binding modes of citrate was136

obtained by computational modeling. Elucidat-137

ing the binding mode of carboxylate-containing138

ligands to AuNPs is crucial to the understand-139

ing of their stabilizing role as a sensor probe.140

This is of great importance for the insightful141

discussion of the assembly and disassembly of142

AuNPs. (iv) The binding of anti-OTA aptamer143

onto the AuNP surface was taken into account.144

Finally, (v) the sensing mechanisms for OTA145

detection, but not limited to, can be clearly un-146

derstood by our in silico study which can also147

be used to explain the experiment of Yang and148

co-workers21 and related works.18149

METHOD150

Force Fields of AuNPs and151

Biomolecules152

The nanocrystalline structure of the AuNP is153

characterized as a face-centered cubic (FCC)154

lattice structure. The equilibrium shape of the155

AuNP is a modified truncated octahedron.23 A156

2-nm-in-diameter AuNP, composed of 309 Au157

atoms, was constructed by cutting the crys-158

tal out of a bulk gold face-centered cubic lat-159

tice. The oxidation state of Au atoms is160

Au(0).24 The transferable AMBER-compatible161

force field parameters for AuNP was obtained162

from the literature.25 For the single-stranded163

DNA (ssDNA) aptamer, the structure of the164

DNA was generated by NAFlex,26 an on-line165

web server that offers a variety of simulation166

methods to obtain a dynamic view of nucleic167

acid structures. The sequence of anti-OTA ap-168

tamer is 5′-GAT CGG GTG TGG GTG GCG169

TAA AGG GAG CAT CGG ACA-3′.18,21 Each170

nucleobase is hereafter denoted as BX, where171

B and X are a nucleobase and the order of172

the nucleobase from the 5′ end, respectively.173

It was experimentally found that the anti-174

OTA aptamer has high binding affinity with175

OTA molecules and possesses the ability to in-176

duce the formation of antiparallel G-quadruplex177

structure.21 The force field for DNA atom-178

istic simulation is AMBER parmBSC127 which179

had been parametrized from high-level quan-180

tum mechanical data.28 AMBER parmBSC1181

was tested by Ivani and co-workers27 for nearly182

100 systems and evaluated for a total simulation183

time of 140 μs which covered most of the DNA184

structures. For the biomolecules used in the185

simulation, including ochratoxin A, ochratoxin186

B (OTB), warfarin and citrate, the Hartree-187

Fock theory from Gaussian09 software pack-188

age using HF/631G∗ method was used to opti-189

mize the structures, whereas the partial charges190

were derived from using ANTECHAMBER.29191

All force field parameters can be found in the192

supplementary information (SI) in Table S1 and193

Table S2.194

Hybrid Solvation195

Since the ssDNA aptamer contains 36 bp, the196

simulation box is relatively large and the cal-197

culation consumes expensive computational re-198

sources. The accurate simulation of such a199

biomolecular system depends upon the solva-200

tion effect. As the solute-solvent distance in-201

creases, the properties of water tend to become202

similar to those of the bulk liquid. The bulk203

area could therefore be represented by a coarse-204

grained (CG) solvent model whereas the water205

around the solute was considered in atomistic206

details.30,31 In our hybrid model, the system207

consists of a ssDNA aptamer, target molecules208

and citrate-capped AuNPs, surrounded by a209

shell of atomistic waters (TIP3P), embedded in210

CG molecules, called WatFour (WT4), to rep-211

resent bulk water. In the WT4 water model,212
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eleven water molecules are grouped into four213

tetrahedrally interconnected beads.32 This can214

effectively mimic the dynamics of molecular215

systems composed of pure all-atom water. Af-216

ter the insertion of the ssDNA aptamer, coun-217

terions (Na+ and Cl−) were added to the sol-218

vents (both atomistic and CG shells) to en-219

sure electroneutrality. Compared with all-220

atom model having the same simulation box221

size (16.5×16.5×16.5 nm3), the number of wa-222

ter molecules was dramatically reduced from223

444824 atoms to 90463 atoms. This hybrid sol-224

vation provides a significant reduction of the225

number of water molecules leading to signifi-226

cantly faster simulation time. In addition to a227

reduction in the computational cost, it opens228

the door for its employment to study the bio-229

logical processes which occur on space and time230

scales that are often unreachable for fully atom-231

istic simulation.232

Simulation Details233

All simulations were performed by the GRO-234

MACS 5.0.4 package33 with a time step of 2 fs.235

The LINCS algorithm was applied to all bonds236

connected to hydrogen atoms. The Lennard-237

Jones potential was applied to estimate van der238

Waals interaction with a cut-off radius of 1.2239

nm for gold atoms, and σ = 2.629e−1 nm and240

ε = 22.133 kJ/mol. The system temperature241

was set at 300 K. Berendsen temperature cou-242

pling and Parrinello-Rahman pressure coupling243

were used to set the system in an NPT en-244

semble. Time constant for pressure coupling245

(1 bar) was 6 ps. The particle mesh ewald246

(PME) method was applied to calculate the247

long-range electrostatic interactions. All visu-248

alizations were done with Visual Molecular Dy-249

namics (VMD).34250

RESULTS AND DISCUS-251

SION252

Molecular Recognition of Anti-253

OTA Aptamer254

Anti-OTA aptamers are functional ssDNA ob-255

tained from a random oligonucleotide library256

through SELEX technique.35 Although the257

anti-OTA aptamer,18,21 which binds to OTA258

with high affinity and specificity, has been259

widely used and developed into a novel detec-260

tion method for the toxin, the binding interac-261

tion between the unfolded anti-OTA aptamer262

and OTA is still not clear. To confirm the affin-263

ity and specificity between the aptamer and the264

target molecule, we carried out MD simulations265

to compare the molecular recognition among266

three different structures including OTA, OTB267

and warfarin. The chemical structures and the268

molecular recognition of these target molecules269

are illustrated in Figure 2.270

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.,271

OTB and warfarin, were used to evaluate the272

selectivity and specificity of the aptamer. The273

molecular interaction between the aptamer and274

these target molecules was observed by MD275

simulations for 100 ns. Basically, the binding276

interaction between the aptamer and the tar-277

get molecule is a result of non-covalent bonding278

consisting of van der Waals forces, hydrogen279

bonds and electrostatic interactions.36,37 van280

der Waals interactions typically extend to a dis-281

tance of 0.6 nm for large biomolecules. In the282

present simulation systems, we conservatively283

used a cut-off distance (dc) of 0.45 nm as the284

distance to define non-covalent OTA-aptamer285

binding. Accordingly, the OTA-aptamer combi-286

nation is considered to be in a bound configura-287

tion provided that the distance between atoms288

within the binding region is lower than dc for289

a minimum of 20 ns. For the hydrogen bond-290

ing, the hydrogen bond is considered to have291

a maximum distance of 0.35 nm and a corre-292

sponding angle of 30◦ or less between the donor293

and acceptor atoms.37294

To perform the binding simulations, OTA,295

OTB and warfarin were placed in the same sim-296

ulation box. For the OTA, it was found that297

there were two states of the binding complex.298

As shown in Figure S1, at t = 16 ns, OTA299

could bind with C17, G18, T19 and A20 of300

the aptamer and the binding continued until301

t = 36 ns. Subsequently, the OTA strongly302

bound with three nubleobases including G16,303

C17 and A21 and remained bound with these304

bases until the end of the simulation. A bound305

configuration was observed at t = 20 ns (see306

Figure 2(a)). At this state, the distance be-307

tween the OTA molecule and the binding sites308

fell below dc and remained below the cut-off309

distance for the remainder of the simulation. It310

was noticeable that the OTA frequently bound311

with three nucleobases including G16, C17 and312

A21. The interactions between the 21st adenine313

nucleotide (A21) were present throughout the314

OTA-aptamer complex simulations. This sug-315

gests that A21 plays an important role in the316

molecular binding.317

Hydrogen bond analysis could be used to318

identify such a structural change, since the ap-319

tamer tertiary structure was held together by320

hydrogen bonding. As can be seen in Figure 2,321

the formation of hydrogen bonds generally cor-322

responded with the minimal contact distance.323

In other words, when OTA was close to one324

of the aptamer bases, hydrogen bonds formed325

simultaneously. This was in accordance with326

the number of hydrogen bonds of the OTA-327

aptamer complex, as illustrated in Figure 2(a).328

A detailed analysis of hydrogen bond formation329

between atoms within an OTA-aptamer bind-330

ing complex reveals that there are two states of331

complex formation. The atom indexes in OTA332

are shown in Figure S2. In the initial state,333

hydrogen bonds are formed between hydrogen334

atoms of OTA and oxygen atoms of C17, G18335

and T19 of the aptamer. The indexes of each336

oxygen atom in C17, G18 and T19 are shown337

in Figure S3(a)-(c). The hydrogen bonds at the338

initial state are due to the interactions between339

H9-O2(C17), H16-O2P(G18) and H8-O4(T19).340

As can be seen, the number of hydrogen bonds341

formed at the initial state is less than those342

found in the bound state (Figure S4). In other343

words, in the initial state solely weak interac-344

tions are observed. The second state involving345

of stronger bonding of atoms is stronger than in346

the initial one. The favored interactions are due347

mainly to the hydrogen bonding between oxy-348

gen atoms of OTA and hydrogen atoms of A21.349

Key atoms that form the hydrogen bonds be-350

tween OTA and the aptamer are O1-H62(A21),351

O2-H62(A21) and O3-H62(A21), as illustrated352

in Figure S4. During the bound state, the num-353

ber of hydrogen bonds fluctuated with a maxi-354

mum number of hydrogen bonds of three. Dur-355

ing this time, the aptamer structure reorganized356

to a stable conformation. Towards the end of357

the simulations, the variation within the num-358

ber of hydrogen bonds in the aptamer structure359

was found to be minimal. Apart from C17, G18,360

T19 and A21, other nucleobases could also serve361

as binding positions from time to time. To sum362

up, the binding sites of the anti-OTA aptamer363

at the stable state included the following nu-364

cleotide bases: G1, G16, C17, G18, T19, A20,365

A21, G27, C28, G33, and A34.366

To ensure the specificity of the anti-OTA ap-367

tamer, we then observed the molecular recogni-368
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tions between the anti-OTA aptamer and OTB369

and warfarin. Hydrogen bond analysis and the370

distance between the aptamer and the target371

molecules could identify the molecular selec-372

tivity of the aptamer. Those molecules could373

not bind with the aptamer and the significant374

formation of hydrogen bonding was not found,375

as illustrated in Figure 2(b)-(c). Our simu-376

lation confirms the recognition interactions of377

the anti-OTA aptamer and is in good agree-378

ment with the experiment in which the aptamer379

bound with a 100-fold less affinity to OTB and380

did not form compounds with warfarin.35381

Besides, we also performed the simulations to382

verify the molecular recognition of the widely-383

used sequence by shortening the aptamer. The384

binding between OTA and three different mod-385

ified aptamer sequences was conducted. The386

distance between OTA and aptamer, and the387

number of H-bonds of three modified sequences388

are illustrated in Figure S5. For the sequence389

(a), the anti-OTA aptamer was shortened by390

removing twelve nucleobases from the 3′ end.391

In the case of the sequence (b), six nucleobases392

were removed from both 3′ and 5′ ends. The se-393

quence (c) was modified by substituting G11 by394

a cytosine residue and three additional nucle-395

obases (ACG) were added at the 3′ end, high-396

lighted in red. It was found that the modifi-397

cation of the anti-OTA aptamer sequences in-398

duces losses of affinity and specificity, as shown399

in Figure S5(a)-(c). Compared with OTA, the400

binding with OTB is stronger for the sequence401

(a) (Figure S5(a)). In other words, the speci-402

ficity is lost once the sequence of anti-OTA ap-403

tamer is modified. To sum up, the binding abil-404

ity is sequence dependent. This is in accordance405

with the experimental findings.35406

Since the binding interactions depend upon407

the environment of the system such as solvents,408

in the following section, the effect of monovalent409

and divalent electrolytes on the binding of OTA410

and aptamer will be taken into consideration.411

OTA-aptamer Interactions in412

Monovalent and Divalent Elec-413

trolytes414

The structures and functions of nucleic acids415

are sensitively correlated with the “counterion416

atmosphere” owing to their polyelectrolyte na-417

ture.38 DNA is negatively charged due to its418

sugar-phosphate backbone and the partial neg-419

ative charge in the OTA molecule is a result420

of carboxyl, carbonyl, ester, and chloro groups.421

Consequently, the interaction between the ss-422

DNA aptamer and OTA is primarily through423

electrostatic and van der Waals forces. The424

counterions around the ssDNA aptamer and425

OTA plays a key role in electrostatic screen-426

ing which reduces the repulsion between these427

biomolecules. Divalent ions (Mg2+), compared428

with monovalent ions (Na+), have stronger429

interactions with nucleic acids.38 Li and co-430
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Figure 3: (a)-(c) The minimum distance be-
tween the aptamer and OTA versus time with
different magnesium ion concentrations [Mg2+].
(d)-(f) The number of hydrogen bonds between
OTA and the aptamer with the [Mg2+] = 0,
0.15 and 0.30 M, respectively. The salt concen-
tration of all simulations is 0.15 M.
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workers reported38 that Mg2+ ions have stable431

hydration shells and stronger interaction with432

DNA. Cruz-Aguado and Penner35 selected var-433

ious aptamers that can bind OTA with various434

affinities. In this work, the effect of the magne-435

sium concentrations on the aptamer-OTA bind-436

ing affinity was analyzed, and the binding was437

found to depend on the presence of Mg2+. Since438

the counterions are highly dynamic, it is dif-439

ficult for experimentalists to provide a micro-440

scopic description. In addition, the detailed441

atomistic interacting picture of the effect of di-442

valent electrolytes on the OTA-aptamer inter-443

action is scarcely documented.444

In the present study, the effects of Mg2+ ions,445

in comparison with those of Na+, on OTA-446

aptamer binding interaction were studied by447

MD simulations. It was found that Mg2+ ions448

prefer to bind to the oxygen atom in the phos-449

phate backbone through electrostatic interac-450

tion. When the anti-OTA aptamer was in close451

proximity to the OTA molecule, Mg2+ ions ac-452

cumulated at the interfacial area and formed453

ion-dipole interaction and electrostatic interac-454

tion with chloro group in the OTA molecule455

and oxygen in the phosphate group, respec-456

tively, like “bridging” them together (see Fig-457

ure S6). These Mg2+ ions exerted an effec-458

tive attractive force between the two molecules.459

Both OTA and anti-OTA aptamer can “clamp”460

onto the Mg2+ ion. The O to Mg2+ distance461

is 3.91 Å, whereas the distance between Cl462

atom of the OTA molecule and Mg2+ is 5.67463

Å. It plays more important role than Na+ ions464

as the monovalent cations bind to DNA in a465

quite diffusive manner which is much weaker466

than that of a divalent bridge.38 Therefore, the467

binding between OTA and the aptamer in the468

Mg2+ electrolyte is faster than in monovalent469

electrolyte as one can see from the distance470

(Figure 3(a)-(c)) and hydrogen bonding (Fig-471

ure 3(d)-(f)) between OTA and anti-OTA ap-472

tamer. However, an increase in Mg2+ concen-473

tration, as shown in Figure 3, has no signifi-474

cant effect on the binding time of OTA-aptamer475

complex. Our computational results are consis-476

tent with the experimental data published by477

Cruz-Aguado and Penner.35478

Binding Mode of Citrate in the479

Stabilization of AuNPs480

The binding of citrate ligands to AuNPs is cru-481

cial for the stabilization of AuNPs.39 It is ac-482

cepted that the region surrounding the citrate-483

capped AuNP is negatively charged due to an-484

ionic carboxylate groups. A more detailed pic-485

ture of the interactions between the gold sur-486

face and the citrate ligand was recently reported487

by Al-Johani and co-workers.24 By combining488

solid-state NMR, TEM, XPS and DFT cal-489

culations, they proposed reasonable structures490

and modes of interaction for citrate-stabilized491

AuNP surfaces. Based on DFT calculations,492

they concluded that there were various bind-493

ing geometries between carboxylate-containing494

ligands and Au model surfaces and presented495

evidence for three different modes: monocar-496

boxylate monodentate (1κO1), monocarboxy-497

late bridging (μ2 − 1κO1 : 2κO3), and dicar-498

boxylate bridging (μ4 − 1κO1 : 2κO3 : 3κO1
′
:499

4κO3′). XPS experiments indicated that AuNP500

surface atoms were mainly in the zero oxida-501

tion state Au(0). 23Na NMR and TEM/EDS502

experiments also suggested that Na+ ions were503

present near the gold surface.504

In the present work, the mechanism of citrate505

anions adsorbed onto the AuNP surface in an506

electrolyte solution was characterized in detail.507

Our computational results confirmed recent ex-508

perimental findings24 regarding the character-509

istic binding modes of citrate anions on the510

AuNP surface. The simulation was performed511

at a temperature of 373 K with the citrate:Au512

molar ratio being 0.2:1. All surface gold atoms513

were in the zero oxidation state as reported in514

the literature.24,40 After the system was equili-515

brated for 35 ns, the number of adsorbed cit-516

rate anions on a 2-nm-in-diameter AuNP sur-517

face was 19 anions, corresponding to the surface518

density of 1.58 anions/nm2. We found that the519

Au(111) surface was the most populated facet520

to which the citrate anions bound due to its521

lowest surface energy.14 The formation of cit-522

rate on Au(110) and Au(100) surfaces is less fa-523

vorable We then investigated the binding mode524

of the carboxylate-containing ligands to AuNP.525

The binding mode was examined by the dis-526
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tance between the citrate anion and gold atoms527

on the surface. Guided by the MD simulations,528

we found various binding geometries between529

the carboxylate group and the AuNP surface530

and three different modes were present as shown531

in Figure 4. The geometry with only one car-532

boxylate oxygen interacting with one Au is re-533

ferred to monocarboxylate monodentate (κ), as534

shown in Figure 4(a). The distance between O1535

and Au atom was 0.33 nm. However, the trans-536

formation of the binding could be observed at537

t = 82 ns. As a result, O2 could bind with538

Au atom instead of O1. Our Au-O distance539

was close to that obtained from a DFT calcu-540

lation falling in the range of 0.22 − 0.24 nm.24541

Our simulations also suggested that Na+ ions542

were present near the gold surface due to the543

binding between Na+ ions and oxygen atoms544

in the carboxylate group (Figure 4). As illus-545

trated in Figure S7, more Na+, compared with546

Cl−, were present around the AuNP surface.547

This is in accordance with the 23Na NMR ex-548

periments.24 In addition to the κ coordination549

mode, monocarboxylate bridging (μ2) and di-550

carboxylate bridging (μ4) were also found, as551

one can see in Figure 4(b)-(c). In the μ2 fash-552

ion, two Au-O binding motifs were formed at553

the gold surface. The resonance of electrons was554

responsible for this binding mode where three555

Na+ ions were also found at the surface. Addi-556

tionally, the μ4 motif could also be observed in557

which two terminal carboxylates were involved558

in the binding interactions. It is worth noting559

that most citrates have μ2 motif (eight and two560

citrates on Au(111) and Au(100), respectively).561

Four citrates with the μ4 fashion have been ob-562

served on Au(100) and two molecules have κ563

coordination mode on Au(111). Three citrate564

anions are in the secondary shell.565

Understanding the binding mode of the cit-566

rate ligands on the AuNP surface leads to a567

complete understanding of the fundamental ad-568

sorption of ssDNA onto citrate-capped AuNP569

surfaces which will be discussed in the follow-570

ing section.571

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-572

tamer with Citrate-capped AuNPs573

ssDNA can be adsorbed by citrate-capped574

AuNPs, resulting in an increased AuNP sta-575

bility, which forms the basis of a number of576

biochemical and analytical applications. The577

mechanism of nonthiolated ssDNA adsorption,578

however, remains unclear. AuNPs are capped579

with negatively charged citrate, posing an580

electrostatic barrier for adsorbing negatively581

charged ssDNA. ssDNA adsorption must, there-582

fore, be achieved by non-ionic forces. It has583

been observed that different bases show differ-584

ent binding affinities,41,42 highlighting the im-585

portance of specific nucleobase-Au interaction.586

While there is extensive literature about the ad-587

sorption of bases, nucleosides and nucleotides in588

thin films of different metals such as gold,43 sil-589

ver44 and even copper,45 in the case of NPs,590

particularly AuNPs, studies are rather scarce.591
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As the mechanism is still unclear, different592

models have been suggested. Recently, a mech-593

anism has been proposed whose key lies in the594

stabilizing force caused by the interaction be-595

tween the nucleotides and the AuNP.46 Accord-596

ing to this model, the ssDNA needs to approach597

the particle in order to displace the citrate and598

is then adsorbed in a latter step. The neu-599

tralization of the negative charges by salt addi-600

tion favors the process and provides screening601

long range electrostatic repulsions. Upon ad-602

sorption, the DNA may change conformation603

to maximize contact points with the surface.604

The adsorbed molecules of DNA create a zone605

where other biopolymer molecules cannot get606

near and subsequent saturation of the surface607

with those zones impedes adsorption of further608

DNA molecules.609

In this work, the binding interaction between610

DNA aptamer and a 2-nm-in-diameter AuNP611

has been investigated. The simulation was per-612

formed for 100 ns. Based upon our simulations,613

we suggest the following mechanism to describe614

the ssDNA adsorption. Since the backbone of615

the oligonucleotide is negatively charged, the616

electrostatic repulsion between the ssDNA and617

citrate anions results in the repulsion of citrate618

anions to neighbouring surfaces, as illustrated619

in Figure 5. The electrostatic interaction not620

exclusively determines adsorption kinetics but621

also influences the binding capacity. At t = 0622

ns, three citrate anions were on Au(100) plane.623

Once adsorbed, the ssDNA aptamer changes its624

conformation on the surface to maximize the625

surface contact. Due to the electrostatic repul-626

sion, citrate anions on the AuNP surface were627

then repelled to the neighboring crystal planes628

and at t = 5 ns, there was no citrate anion629

on the Au(100) plane (green color), resulting630

in the formation of an area electrostatically ex-631

cluded to the ssDNA aptamer. The adsorption632

of oligonucleotide on the AuNP surface can be633

further examined by the distance between the634

nucleotide and the gold surface. As presented in635

Figure 6(a)-(b), the phosphates of G9, G15 and636

G16 are in close proximity to the AuNP sur-637

face thus repulsing citrate anions to the neigh-638

bouring planes. At t = 0 ns, the distances639

between the phosphates of G9, G15, G16 and640

G11
G12

G13

G15

G16

G9

(a)

(c)

1
2

34

5
6

7
8 9

(d)

(b)

Figure 6: Adsorption of oligonucleotide on the
AuNP surface. (a) Snapshot of backbone bind-
ing interaction at t = 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 guanine47 (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. Due641

to the presence of the oxygen in the carbonyl642

group and N(7) nitrogen atom, guanines have643

a strong tendency to bind to AuNP through644

non-bonded interaction.48 G9 was attached on645

Au(111), whereas G15 and G16 were in close646

proximity to Au(100). The adsorption involves647

the oxygen of the C(6) carbonyl group and the648

N(7) atoms of G11, G12 and G13, as shown in649

Figure 6(c)-(d). The physisorption process of650

ssDNA on the AuNP surface is through gua-651

nine moiety which is in good agreement with652

the binding interaction proposed by Pergolese653

and co-workers.47654
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t = 70 nst = 0 ns

Quantum regime

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 t = 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.

Mechanism of Aptasensor for OTA655

Detection656

The unique optical properties of AuNPs, due to657

localized surface plasmons excited by incident658

electromagnetic field of specific energy, have at-659

tracted great interest in the past decades be-660

cause of several associated applications such661

as ultrasensitive biological and chemical sens-662

ing. The localized surface plasmon resonance663

(LSPR) can be understood as a collective reso-664

nant oscillation of free electrons within a metal665

nanoparticle in response to an incident electro-666

magnetic radiation. When the NPs are in close667

proximity, the individual surface plasmons can668

couple, leading to a shift in the optical response.669

Surface plasmon coupling depends on the way670

the NPs are assembled. Theoretical studies by671

Nordlander and co-workers revealed that quan-672

tum tunneling effects begin to disturb the inter-673

action between the surface plasmons when the674

interparticle distance (d) is below 1 nm.49–51 As675

the gap distance continues to decrease below a676

“threshold tunnel-distance” (dth), the electron677

tunneling effect completely modifies the behav-678

ior of the plasmonic response in the quantum679

regime.52 Therefore, variations in the assembly680

parameters, i.e., interparticle distance, config-681

uration and the number of NPs, allow one to682

finely tune the resonance wavelength. Since683

the plasmonic response of AuNPs is interparti-684

cle distance dependent, the assembly of citrate-685

capped AuNPs in the saline solution was ob-686

served. We initially investigated the aggrega-687

tion of two citrate-capped AuNPs in the NaCl688

solution with the concentration of 0.15 M. The689

initial interparticle distance was 5 nm and fell690

below 1 nm within ∼ 5 ns, as illustrated in691

Figure S8. The addition of NaCl would screen692

the charge on the surface of AuNPs, resulting693

in an aggregation (d < dth). To prevent the694

aggregation of AuNPs, citrate-capped AuNPs695

were modified with ssDNA aptamers. Subse-696

quently, we performed an MD simulation for697

two aptamer-bound AuNPs in a saline solution698

([NaCl]= 0.15 M). The interparticle distance699

was initially 3 nm and it remained higher than700

the threshold distance (d > dth) for a 100 ns701

simulation, as shown in Figure 7. This is due702

to the electrostatic repulsion from ssDNA and703

steric hindrance which prevent van der Waals704

attractions and enhances the stability of AuNPs705

against salt-induced aggregation.706

Disassembly of such AuNPs can be induced707

by OTA, the target molecules of the anti-OTA708

aptamer. Upon the addition of OTA, the spe-709

cific binding interaction between OTA and anti-710

OTA aptamer resulted in the desorption of the711

aptamer from the AuNP surface, as shown in712

Figure 8. This prevented the exposure of the713

aptamer bases to AuNPs, and thus the abil-714

ity to protect AuNPs at a high-salt concentra-715

tion was lost. The initial interparticle distance716

between AuNPs was 2.5 nm. At t = 43 ns,717

the binding interactions of OTA/anti-OTA ap-718

tamer was found and then the interparticle dis-719

tance of AuNP-AuNP slightly decreased. At720

t = 400 ns, the interparticle distance nearly721

reached 1 nm. The plot of the interparticle dis-722

tance as a function of time is shown in Fig-723

ure S9. It is computationally expensive to per-724

form the simulation until the aptamer is com-725
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pletely released from the AuNP surface. How-726

ever, it is expected that after the complete re-727

lease of the DNA aptamer, the AuNPs will be728

aggregated at a high salt concentration, as pre-729

viously discussed in Figure S8. From the ex-730

perimental point of view, as the optical proper-731

ties of the AuNPs depends upon the interpar-732

ticle distance, the color of the solution changes733

with the decrease in interparticle distance and734

can be observed by naked-eye. Owing to the735

interparticle-distance dependent optical prop-736

erties, this simple colorimetric method can be737

applied to colorimetric biosensors which are not738

exclusively limited to OTA detection.739

CONCLUSIONS740

The hybrid solvation model was used to ex-741

amine the molecular recognition at atomistic742

level. The binding interactions of the anti-743

OTA aptamer and OTA were clearly eluci-744

dated. Our simulations revealed the strong745

binding zones of the anti-OTA aptamer includ-746

ing G1, G16, C17, G18, T19, A20, A21, G27,747

C28, G33, and A34. The binding was evalu-748

ated by the intermolecular distances and the749

number of hydrogen bonds. The divalent elec-750

trolyte (Mg2+) played an essential role as a751

bridging ion in the binding interactions. The752

anti-OTA aptamer is capable of binding with753

OTA specifically, compared with OTB and war-754

farin. The binding mode of citrate and gold755

atoms was elucidated. Three different bind-756

ing modes were found on the AuNP surface757

including monocarboxylate monodentate (κ),758

monocarboxylate bridging (μ2), and dicarboxy-759

late bridging (μ4). Au(111) was the favorite760

binding plane of citrate. Salt-induced aggre-761

gation of citrate-capped AuNPs was a result762

of electrostatic screening. The adsorption of763

the anti-OTA aptamer onto the surface of the764

citrate-capped AuNPs was due to nucleoside765

and backbone binding motif. The unfolded766

aptamers could adsorb onto the negatively-767

charged AuNPs, thus preventing AuNPs from768

aggregating in salt solution. Upon the addi-769

tion of OTA, the specific binding interaction be-770

tween OTA and anti-OTA aptamer resulted in771

the desorption of the aptamer from the AuNP772

surface. This prevented the exposure of the ap-773

tamer bases to AuNPs, and thus the ability to774

protect AuNPs under high-salt conditions was775

lost. Our MD simulation revealed an insightful776

discussion of the molecular mechanisms in the777

AuNP-based aptasensor and paved the way for778

the design of a novel colorimetric aptasensor.779
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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 1κO1 (κ), (b) monocarboxylate bridging μ2 − 1κO1 :

2κO3(μ2) and (c) dicarboxylate bridging μ4 − 1κO1 : 2κO3 : 3κO1
′
: 4κO3′(μ4).

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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The sensing mechanism of AuNP-based colorimetric aptasensor for OTA detection.  
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