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Characterization of the adsorption dynamics of
trisodium citrate on gold in water solutiont

Susanna Monti, & *@ Giovanni Barcaro,? Luca Sementa,? Vincenzo Carravetta &°
and Hans Agren (<

Molecular dynamics simulations (MDs) based on a reactive force field (ReaxFF) are carried out to investigate
typical adsorption modes of trisodium citrate (CIT) on gold nanoparticles (AuNPs). All possible
configurations of CIT on a model AuNP in solution are identified and the stabilizing role played by the
adsorbate on the AuNP structure is disclosed by analyzing protonation state, dynamics and interactions
of the molecules with the surrounding environment. A realistic scenario is created by sampling
extensively the conformational space of citrate and by validating the simulation results against data
extracted from the literature. Carboxyl moieties are found in contact with the gold substrate through
one or both oxygens and Na™ ions are present in the adsorbed citrate layer. Citrate binding is relatively
strong and its action as a chelator stabilizes surface reconstructions. The molecules have the tendency
to self-assemble and form a stable cover, which is reinforced by adatoms. All the results are in perfect

rsc.li/rsc-advances

Introduction

Over the last few years a great variety of experimental and
theoretical investigations have focused on gold-based nano-
materials for developing effectively tuned cancer therapies,
local drug delivering agents, efficient detectors and specific bio-
sensors.”™ All these studies tried to disclose, at the nanoscale
level, structure, dynamics and physicochemical properties of
different types of hybrid systems in order to suggest modifica-
tions and new design strategies to improve their performance.
Gold nanoparticles (AuNPs) are very promising vehicles, effi-
cient radio-sensitisers and can be used as photothermal and
contrast agents.>®

The selection of specific AuNPs morphologies is funda-
mental for the target application and it is often made on the
basis of the nanoparticle dynamics and response. For example,
due to the enhanced signals, spiky structures and irregular
shapes are preferred to spherical conformations for in vivo
experiments, whereas spherical forms are the ideal choice for
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agreement with experimental observations and theoretical data.

immune-gold labeling and lateral flow tests.”™® As a matter of
fact, specific AuNP structures can be obtained by biasing the
first steps of their preparation with suitable substances and by
modulating the environmental conditions. This has been re-
ported in a large number of books, reviews and articles, where
production, properties and applications are exhaustively
described (see ref. 11-19 and references therein).

All of these papers agree in defining the seed-mediated
growth method as one of the most widespread techniques for
synthesizing the nanoparticles, with a thorough control of their
shape and size, and citrate as one of the leading compounds
(citric acid reduction reactions) and stabilizing agent. The role
played by citrate is recognized and attributed to its electrostatic
attributes.>® Indeed, the stabilization is essentially due to the
mutual repulsion between neighboring AuNPs that is caused by
the negative surface charge of the citrate layer. According to
earlier publications, the layer thickness is around 0.4-0.7 nm
(ref. 21) and the citrate-to-gold ratio® can be changed to adjust
the size of the final carriers.

Disclosing the intermolecular interactions (gold-adsorbate
and adsorbate-adsorbate interactions) together with the
adsorbates structure and dynamics at the interface is very
important for correlating these features with the changes in the
physicochemical properties of the nanoparticle materials and
their stability in solution.?*>*

By means of classical molecular dynamics based on
ReaxFF>?* we depict comprehensively citrate adsorption on
gold by including explicit solvent molecules (water and sodium
counterions), a realistic representation of the metal support
(a 3 nm AuNP), a coating multilayer, reactivity and dynamics of
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all the species. The behavior in solution of the model AuNP
coated with at least a monolayer of citrate molecules is dis-
closed considering both acidic and basic conditions. No
restraints are introduced and all species can interact with each
other and modify their conformation in response to the envi-
ronment. This is an application of the methodology we have
developed and used successfully in previous studies.****

Computational details
Model building and system setup

The coordinates of the metal support were extracted from an
earlier study** where the adsorption mechanism of cysteine
onto an AuNP in solution was investigated exhaustively. The
chosen model was an equilibrated structure composed of 887
Au atoms with a truncated octahedron shape. Its maximum
diameter was around 3 nm and the low index (111), (100) and
(110) facets were all available for binding. As already observed,*
due to the size of the system, the extension of these regions was
limited and thus each of them could host three or four mole-
cules at most. In order to decorate the surface randomly, the
AuNP was surrounded by a shell of sparse citrate units (90 in
all), which were sufficient to cover the whole interface. These
molecules were placed relatively far from the AuNP (with
minimum distance around 6 A) so that the added water could
penetrate the enveloping citrate layer and reach the surface.
Then, the complex was solvated by water molecules (around
14 000) and Na' counterions (total number of atoms in the
system: 43 551). Acidic and basic pH conditions were simulated
considering two different ideal starting configurations: one
where all the citrates were (—3) anions and the other one where
all the molecules were doubly deprotonated (—2). In both cases
they were neutralized by the required number of Na' counter-
ions (270 or 180). According to the table reported in ref. 34 at
a pH = 7 citric acid is nearly completely dissociated (—3 anions),
whereas at acidic pH all the other species prevail.** The final
simulation box after equilibration was about 8 x 8 x 8 nm?®.

The starting conformation of citric acid was obtained from
a DFT/B3LYP/6-311++G(d,p) level optimization in the gas phase.
Minimum energy structures and torsional energy barriers
necessary to describe correctly this type of molecule were
included in the original parametrization of the protein force
field and tested for several different structures.

Reactive molecular dynamics simulations based on the force
field developed in ref. 31 were performed, first, in the NVT
ensemble at T = 300 K for about 50 ps and then in the NPT
ensemble for about 50 ps to get the correct density. The whole
time period (around 100 ps) was sufficient to equilibrate the
system at the selected temperature. In this phase, almost all the
molecules (around 40%) that were in a favorable orientation
settled on the surface, whereas the other 60%, more solvated
and interconnected by hydrogen bonds, remained in the outer
regions. Their motion toward the support and conformational
rearrangement was slower but was completed in the subsequent
100 ps of the production stage, which was carried out in the NVT
ensemble. These initial steps were not included in the final
analysis. The sampling phase started afterwards and was
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extended for 1000 more picoseconds. System snapshots were
saved every 0.025 ps and a total of 3 600 000 configurations of
the citric acid molecule were collected and analyzed. Temper-
ature was controlled through the Berendsen's thermostat®® with
a relaxation constant of 0.1 ps and the time step was set to
0.25 fs. The trajectories were examined focusing on species,
adsorption modes, molecular conformations, coordination
numbers, atom-atom radial distribution functions (RDFs) and
various types of distances. In order to analyze the protonation
states of the citrate molecules an O-H cutoff distance of 1.15 A
was considered. The Amsterdam Density Functional (ADF)*
and LAMMPs codes®” were employed for all the simulations.

Results and discussion
Molecular species

In the final configuration extracted from the MD trajectories,
the AuNP surface is partially covered (60% at most) with
adsorbed citrate molecules that adopt a great variety of orien-
tations. These were classified according to the connections of
the carboxyl oxygens to the interface, namely monodentate and
bidentate coordinations or a combination of the two (Fig. 1 and
2). The binding modes were directly correlated not only to the
final species existent in the system that evolved just because of
the chosen general conditions (pH), but also to local reorgani-
zations due to surface reconstructions, citrate self-interactions,
sodium ions relocations and perturbations induced by water.
Before discussing the type of adsorption it is thus appropriate to
analyze the resulting species and their location in relation to the
support.

A common trait shared by the two simulations is that the
hydroxyl group of the citrate remains intact for the whole
sampling time, in line with its estimated ionization pK, (around
14.4),°® whereas the carboxyl protons are readily dissociable. In
the first simulation, corresponding to a basic solution, the
cit(—3) molecules, which are the only citrate species at the
beginning of the simulation, are partially converted to other
protonated species, namely cit(—3) (60%), Hcit(—2) (30%),
H,cit(—1) (10%). A similar behavior was previously suggested by
a study of an aqueous solution of cysteine.*® There, the inter-
actions at the water/air interface generated proton exchanges
that lead to a local chemical composition quite different from
the bulk. In the second simulation reported in the present study
it is observed that starting from 100% of Hcit(—2), which
roughly represents an acidic solution, the equilibrium compo-
sition around the AuNP is predicted as cit(—3) (35%), Hcit(—2)
(40%), H,cit(—1) (20%) and the appearance of completely
protonated citric acid molecules (5%) is also observed. This
distribution of the species does not correspond to a definite pH
suggesting that reference titration curves and pH cannot be
used for these specific conditions, which are the results of local
effects. Indeed, the analysis of the species indicates that
speciation depends on the location of the molecules and is
strongly influenced by their attachment to the AuNP. This is
especially apparent in the case of acidic pH. A similar behavior
was observed previously for other systems, i.e. in the case of
TiO, nanoparticles*® and for citrate adlayers on AuNPs through

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Typical coordination modes of one carboxyl group to the gold
interface. Configurations extracted from the final sampled geometry.
Most of the surrounding molecules have been removed for clarity. Na*
ions are orange spheres and some of the water molecules surrounding
the adsorbate are displayed as blue slim sticks. The green lines indicate
distances lower then 2.6 A. Au-O separations are around 2.3 A.

FTIR and XPS analyses.*"** To check that this behavior is due to
the adsorption on the AuNP, we restricted the analysis of the
molecular dynamics simulations to the citrate species farther
from the nanoparticle, thus to an environment close to a pure
solution. In this case the predicted ratios for citrate anions are
in reasonable agreement with the experimental ones, specified
by the titration curves, with a deviation of less than 10%.

Adsorption mode

As far as the binding mode is concerned, 50% of the adsorbates
were connected to the top gold layer through the coordination
of just one of the terminus carboxyl group, whereas the other

This journal is © The Royal Society of Chemistry 2017
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Fig.2 Typical coordination modes of two carboxyl groups to the gold
interface. Configurations extracted from the final sampled geometry.
Most of the surrounding molecules have been removed for clarity. Na*
ions are orange spheres and some of the water molecules surrounding
the adsorbate are displayed as blue slim sticks. The green lines indicate
distances lower then 2.6 A. Au-O separations are around 2.3 A.

50% were adsorbed through both the central and a terminus
moieties, thus resulting in a stronger attachment to the metal
support. Representative configurations of the adsorbed mole-
cules are shown in Fig. 3-5. It was noticed that structures bound
to the interface by means of all the three carboxyl units were
rarely present and mainly consisted of chelate formations. A
common arrangement is the one shown in the top right picture
of Fig. 6. There, two carboxyl groups of the molecule (middle
and terminus moieties) with the help of the hydroxyl oxygen
entrap a gold adatom, while the other carboxyl terminus is
coordinated through one of its oxygens to the surface. In the
picture on the left hand side, instead, the enveloping mecha-
nism is double but the connection of the citrate to the surface
seems relatively weaker. Finally, the bottom picture of Fig. 6
shows the complex organization of the various adsorbates on
the surface, the formed staple motifs (gold atoms captured by

RSC Adv., 2017, 7, 49655-49663 | 49657
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Fig. 4 Selected adsorbate configurations.

two different adsorbed molecules), interactions with ions,
molecules in solution interacting with the deposited layer. This
is just a small portion of a very complex scenario where many
possible configurations are probable as demonstrated in several
studies.**

Even though the dominant adsorption in both acidic and
basic simulations was realized through one of the terminus
carboxyl groups (with a probability of 85% and 75% for the
acidic and basic cases, respectively), a slight reduction (to
around 10%) of these species and the simultaneous increase in
the central group coordination (with a probability of 15% and
25% for the acidic and basic cases, respectively), was observed
for acidic conditions. Most probably, the protonation of the
terminus sites discouraged their binding to the surface but
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Fig. 6 Typical adsorption modes of chelating agents. Configurations
extracted from the final sampled geometry. Most of the surrounding
molecules have been removed for clarity. Na™ ions are orange spheres
and some of the water molecules surrounding the adsorbate are dis-
played as blue slim sticks. The green lines indicate distances lower then
2.6 A. Au-O separations are around 2.3 A.

favored their extension towards the outer solution (solvent or
citrate molecules far from the metal interface).

The complexity of the structural arrangement of the adsor-
bed citrate layers on AuNps was analyzed in various studies*"**
and it was concluded that many different schemes were
possible simultaneously. It was proposed that the lowest pK,
carboxyl group (middle moiety) plays a crucial role in the
conformation of the adsorbed molecules and it was most

This journal is © The Royal Society of Chemistry 2017
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preferentially bound to the surface by coordinating its carboxyl
oxygens, while one of the other two terminus moieties could be
adsorbed or not.

This is partially consistent with our results, which exclude
the single binding option because statistically less significant.
In fact, due to the conformational characteristics of this acid,
i.e. the closeness of the terminus groups to the central moiety,
there was a marked tendency to engage also one of the end
groups in interactions with the surface. In the present simula-
tions this cooperation (terminus + central) seemed more
favorable, in agreement with other studies.***° Furthermore, in
line with the results of ref. 41 (see Fig. 6 and 3-5) part of the
attached molecules extended the uncoordinated groups toward
the neighboring species farther from the surface and formed
interconnected networks. These new associations together with
the captured adatom complexes determined an increase in the
thickness of the coverage (which was around 7-8 A). The
agreement with the data reported by J.-W. Park and J. S. Shu-
maker-Parry,** who estimated the thickness of the citrate layer
on the basis of the interaction of the particles functionalized
with alkanedithiol chains, is very good. They concluded that the
minimum thickness could fall in a range around 6.5 A and that
the effective depth was approximately 8-10 A.
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Fig. 7 Normalized atom—atom radial distribution functions of: citrate

oxygens—citrate oxygens, citrate oxygens—Au, citrate oxygens—Na*

Au-water oxygen, Au—Na*. (A) Basic pH simulation. (B) Acidic pH
simulation.
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Examination of the atom-atom radial distribution functions
of the citrate oxygens with all the other atoms of the system can
be useful to compare the behavior of the molecule in the two
different pH conditions, to check self-interactions and to
determine the location of the adsorbate in relation to the
support. The normalized RDF plots are shown in Fig. 7.

As it can be noticed, the trends obtained for the two simu-
lations are strikingly similar suggesting that the observed
population differences (discussed above) did not influence the
binding behavior of the molecule. We could speculate that the
final populations for the acidic conditions are influenced by the
binding to the AuNP. The two O(citrate)-O(citrate) and
O(citrate)-Na" sharp peaks centered at about 2.25 A confirmed
self-interactions of the molecules and their coordination to
sodium ions (evidenced also in most of the images depicting the
adsorbates) independently of their location (i.e. in solution or
on the AuNP surface). The lower O(citrate)-Au peak located at
around 2.4 A indicates coordination to gold and its height
suggests that only a portion of the molecules is stably adsorbed.
Moreover, water oxygens and Na' ions remain farther from the
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Fig. 8 Distributions of the percentage of Na* ions within 4.5, 5.0,
6.0 and 7.0 A of Au. (Top) Basic pH simulation. (Bottom) Acidic pH
simulation.
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surface in relation to the citrate oxygen (at 2.8 and 4.3 A,
respectively).

The strength of the adsorption on gold and the coordination
of the carboxyl oxygens to Na* was estimated by inspecting the
coordination numbers for O(citrate)-Au and O(citrate)-Na"
distances lower than 3 A and percentage of occupation of these
states during the last 100 ps of the production. In the case of
gold, the result suggested that most probably (76%) one or two
Au atoms were found coordinated to the carboxyl oxygens in
80% of the configurations, whereas for 3 Au atoms the proba-
bility decreased to 10% and the occupation of these states was
also reduced (55%).

These reactive simulations were capable of identifying
a great variety of gold-citrate interactions ranging from weak to
strong coupling, namely physisorption to chemisorption.
However, it was not straightforward to discriminate between
them just because many intermediate situations were present.
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The results suggest that the strongest couplings were those
where the Au-O distance was about 2.10-2.12 A, which could be
identified with effective chemisorbed species. Then, slightly
weaker adsorption were found for oxygen-Au distances in the
range 2.23-2.30 A (in Fig. $3t is shown the distribution of Au-O
minimum distance).

As far as Na" is concerned, the probability of finding one or
two ions within 3 A of the adsorbed citrate oxygen was 36% in
the basic pH simulation but moderately lower (27%) for the acid
pH, with a comparable occupation of 60%.

In order to explore further the presence of the sodium ions in
the first layer around the AuNP (between 4.5 and 7 A) the
distribution of the percentage of ions in different shells was
calculated from the final 100 ps of the two simulations (Fig. 8). In
line with the other data many more ions were found within 7 A of
the AuNP in the basic simulation suggesting, as expected, that
a more negatively charged environment is obtained in this case.

-180-150-120 -90 -60 -30 0 30 60 90 120 150 180
Dihedral Angle (degrees)

Fig. 9 Distributions of the torsional angles of the sampled molecules during the dynamics. (Left) Basic pH simulations. (Right) Acidic pH
simulations. Different colors refer to different frames sampled from the last part of the production trajectory.
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Molecular flexibility

The conformational characteristics of the molecule were
analyzed considering the two main torsional angles defining the
position of the carboxyl groups (Fig. 9). These were investigated
in another study”” to determine the conformers of citric acid in
the gas phase and in solution and probe the effects due to
different pH on its adsorption on NaCl. The torsion distribu-
tions of the molecules sampled in this study are displayed in
Fig. 9.

Comparison with the data of the minimum energy confor-
mations identified in ref. 47 reveals a perfect agreement with
the peak values of the distributions, suggesting that the
adsorption was not influential in shaping the structures. As it
can be noticed, all the angles are equally explored by the two
simulations. This is also in agreement with the experimental
NMR data reported in ref. 24 regarding the conformation of the
carbon backbone. They confirm that citrate retains the structure
and hydration arrangement even when bound to the AuNP
surface and only the carboxylate groups interacting directly with
gold are perturbed.

Conclusion

The results of this investigation regarding the adsorption of
trisodium citrate on a gold nanoparticle at two different pHs,
which were realized by a different concentration of the initial
species present in the system, suggest that the whole stabilizing
mechanism arises from a combination of different concerted
events. First, the direct adsorption of the molecule on the
surface of the AuNP in a preferential fully deprotonated form
confers stability to the metal support by altering its surface
charge. The adsorption induces a modulation of the local
conditions, which do not correspond any longer to the tabu-
lated values for a pure solution. The adsorption of the citrate
consists of a strong coordination of the carboxyl oxygens to the
surface that can involve one or more groups. Second, the
chelating ability of the partially adsorbed molecules prevents
the migration of the gold atoms emerged from the surface.
These adatoms are entrapped in the covering layer and remain
close to the nanoparticle interface. Consequently, citrate limits
the extension of the surface reconstruction. Third, several
citrate molecules on the interface are found interconnected
through metal adatoms. These are characteristic substructures,
named staple motifs, were already observed in the case of
cysteine and cystine adsorption.?>*® Fourth, Na' ions are found
within the adsorbed monolayer in a region between 4-7 A from
the gold substrate in line with experiment.
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