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Abstract

Nanometer-sized gold particles (AuNPs) are of peculiar interest because their behaviors in an
aqueous solution are sensitive to changes in environmental factors including the size and shape of
the solute ions. In order to determine these important characteristics, we performed all-atom
molecular dynamics simulations on the icosahedral Auj44 nanoparticles each coated with a
homogeneous set of 60 thiolates (4-mercapto-benzoate, pMBA) in eight aqueous solutions having
ions of varying sizes and shapes (Na*, K, tetramethylamonium cation TMA™, trisamonium cation
TRS*, C17, and OH"). For each solution, we computed the reversible work (potential of mean of
force) to bring two nanoparticles together as a function of their separation distance. We found that
the behavior of pMBA protected Auj44 nanoparticles can be readily modulated by tuning their
aqueous environmental factors (pH and solute ion combinations). We examined the atomistic
details on how the sizes and shapes of solute ions quantitatively factor in the definitive
characteristics of nanoparticle-environment and nanoparticle-nanoparticle interactions. We predict
that tuning the concentrations of non-spherical composite ions such as TRS™ in an aqueous
solution of AuNPs be an effective means to modulate the aggregation propensity desired in
biomedical and other applications of small charged nanoparticles.

INTRODUCTION

Intensive research of functionalized gold nanoparticles (AuNPs) has been motivated by the

promising applicability in chemical and biomedical procedures.! Their characteristics in
2-12 13-21

24

aqueous solutions have been investigated in both in vitro/vivo and in silico
experiments. AuNPs interact with, for example, amyloids,22 viruses,?? bacteria,

proteins,?>2% and DNA.27 A key issue in the fundamental understanding and the practical
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applications is how AuNPs interact with one another in an aqueous solution. Depending on
the intended application, the AuNP propensity to aggregate may be a desirable or an
undesirable characteristic that can be modulated by modifying the ligand.® Numerous
studies have been performed on large nanoparticles (diameter in >100 nm). In particular,
large charged colloids interacting in electrolyte solutions have shown that they display
attraction when equally charged.23-38 However, the theories developed for large colloids are
not applicable to small nanoparticles. In fact, atomistic details are crucial in characterization
of small AuNPs in aqueous solutions.!5- 18-19:39 Fortunately, with today’s high performance
computing facilities, it is feasible to simulate the stochastic dynamics of 10° degrees of
freedom of all the atoms constituting the AuNPs, the ligands, the waters, and the solute ions
of an aqueous solution. /3-/9

In this article, we present a computational study of the interactions between small
Auj44(SR)g0 nanoparticles in an aqueous solution with eight combinatory concentrations of
solute ions (tabulated in Table I). As shown in Fig. 1), each of these AuNPs is functionalized
with 60 4-mercapto-benzoates, where the R group is pMBA™ or its protonated form, pMBA.
The AuNP has a core diameter of about 2 nm and its overall diameter (ligands included) is
around 3.2 nm. The solute ions are Na*, K*, TMA™" (tetramethylamonium cation), TRS*
(trisamonium cation), C/~, and OH~ which are also illustrated in Fig. 1. Our objectives are
to gain insights into how to modulate AuNP-AuNP interactions in an aqueous solution and
to find optimal ways to reversibly concentrate AuNP solutions without precipitating
irreversible aggregates of AuNPs.

METHODS

In essence, we simulate the stochastic dynamics of ~10° degrees of freedom of the
constituent atoms of an aqueous solution. From the noisy dynamics data, we extract the
thermodynamic functions that give definitive characteristics of a system’s behavior, which
include the potential of mean force, i.e., the reversible work, to bring two AuNPs to a given
separation distance as well as the ion distribution densities around an AuNP. In the
supporting information (SI), we give all the details of the procedures to build the model
systems, to run the equilibrium molecular dynamics (MD), to run the nonequilibrium steered
molecular dynamics (SMD),*! the work curves from the SMD runs, the formulas to compute
the PMF4247 from SMD work data,*®-4% and the formulas to estimate the aggregation
propensity from the PMF curves.! Here, we briefly list the physical parameters used in this
study and their sources. The initial structure of Auj44Sgo core was taken from Refs. 30-52,
The interaction parameters for sulfur and gold (Au-Au and S-Au) are from Ref. 33. All other
interactions were represented by the CHARMM?36 force field,>*3 to which we added the
van der Waals (vdW) parameters for gold: 0 = 1.66A and £ = —0.106 kcal/mol. Water was
represented with the TIP3P¢ model. The cut-off distance applied to the vdW interactions
was 1.0 nm, with a switching distance of 0.9 nm and a pair-list distance of 1.2 nm. Langevin
dynamics was implemented with a 1.0-fs time-step for short-range interactions and 4.0 fs for
long-range interactions, and with a Langevin damping of 5.0 ps~!. Temperature and pressure
were maintained at 298 K and 1.0 bar. The model system dimensions are typically 10 nm
along the x- and y-axis and 20 nm along the z-axis. Periodic boundary conditions were
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applied in all directions. Full electrostatic interactions were computed through the Particle-
Mesh Ewald (PME) method. All simulation runs were implemented with NAMD.>’

RESULTS AND DISCUSSION

Protonation of AUNPs

In an aqueous solution, individual pMBA molecules, having a pKa of 4.2, are mostly
deprotonated at pH 7 or above. An AuNP having 60 pMBAs bonded on its surface in a
monolayer, however, may have a different pKa value.3° While the uncertainty about the
effective pKa of our AuNPs remains, it is certainly interesting to consider the case of AuNPs
being half-way protonated, which is represented in our model System I. The characteristics
of System I will be put in contrast with other systems of AuNPs being fully deprotonated.
Specifically, System I is an aqueous solution containing 50 mM of Na™ and 1.67 mM of
AuNP 30, Each of the AuNPs is charged with —30e, equally distributed over the entire NP,
with every other pMBA protonated, the remainder being deprotonated. The Na™ cations
neutralize the system overall.

Shown in Fig. 2, top panel, is the free-energy profile of System I where the PMF (or the
reversible work to bring two AuNPs together) is plotted as a function of the separation
distance between the centers of the two AuNPs. When the separation distance is greater than
3.4 nm, the two AuNPs repel one another and the repulsive interaction strength is much
lower than the direct Coulomb repulsion between two charges of —30e each. This vastly
reduced repulsive interaction can be readily expected as a result of the strong screening by
an aqueous medium. Around the separation distance of 3.2 nm, however, there is a PMF
well of 4.2 kcal/mol in depth, indicating a metastable aggregation state at the short range
when two AuNPs nearly touch one another. This effective attraction between two equally
charged AuNPs actually has its root in the salt-bridge formed by a positively charged
sodium ion Na* being attracted by a negatively charged pMBA™ on one AuNP and, at the
same time, being attracted by another negatively charged pMBA™ on a second AuNP,!?
which is illustrated in Fig. 3.

The AuNP propensity to aggregate depends on the strength of an individual salt-bridge and
the number of salt-bridges in a given system, which are determined by the multiple factors
of the system working concertedly on the overall level but stochastically on the atomic
level. ! When one Na™ falls in between two pMBA ™ groups, the energy of the system is
lowered but the entropy is also reduced because the bridge-forming Na™ loses its freedom to
roam the entire aqueous volume. The probability for a salt-bridge to form is dependent upon
the system’s free-energy change caused by its formation. Therefore, the AuNP aggregation
propensity can be sensitive to the tuning of any constituent factors of a system.

Also plotted in Fig. 2 (bottom panel) are the distribution densities of the ligand carboxyl
groups as a function of the distance to the AuNP center and of the Na* ions as a function of
the distance to the AuNP center. The carboxyl groups are distributed within a sharp peak
around 1.4 nm, indicating that the ligands are uniformly packed on the surface of the AuNP
core of 144 Au atoms and 60 S atoms which are bonded to each other rather rigidly and that
the pMBAs are also quite rigid themselves. Integrating the area under the Na* density curve,
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we observe that approximately half of the Na* ions are in close contact with the AuNP
surface, which are capable of forming salt-bridges. The other half diffuse around in the
aqueous environment. The number of salt-bridges largely depends on the balance between
the entropic drive for sodium ions to diffuse and the energetic drive for sodium ions to be
trapped. This balance presents an efficient way to modulate the AuNP aggregation
propensity by changing the sodium concentration of an aqueous solution of AuNPs.

It should be noted that the PMF (or reversible work) represents the overall, statistically
averaged interaction between two nanoparticles. If we approximate it simply as the sum of
all salt-bridges, we have a rough estimate of the salt-bridging strength by dividing the PMF-
attraction with the number of bridges we observe from the simulations. And the number of
salt-bridges is directly related the surface curvature of the AuNP.

Monoatomic ions vs near-spherical composite ions

The characteristics of System II to VII are illustrated in Fig. 4. It should be noted that the
AuNPs are all completely deprotonated in Systems II to VII. Each AuNP carries a total
charge of —60e.

System II (having 1.67 mM of AuNP ™% and 100 mM of Na") differs from System I only in
the AuNP protonation state and the corresponding Na™ concentration to keep the system
neutral. The PMF of system II shown in Fig. 4(A) has a well near 3.1 nm that is 7 kgT
below zero, indicating moderate AuNP aggregation propensity. Compared with System I,
this stronger aggregation propensity comes from the fact that a higher concentration of
charged carboxyl groups along with the correspondingly higher concentration of Na™ ions
leads to a greater number of salt-bridges formed between two AuNPs at a separation around
3.1 nm.

Adding 100 mM of NaOH to System II, we obtain System III whose characteristics are
shown in Fig. 4(A) as well. The increased concentration of Na* leads to an even greater
number of salt-bridges formed between a pair of AuNPs and thus a deeper PMF well.
Examining the distribution densities of the ligand carboxyl groups, the cations, and the
anions, we observe that OH™ ions do not play a significant role other than neutralizing the
system and that adjusting Na* concentration is a very effective way to modulate the
aggregation propensity of AuNP aqueous solutions.

Replacing the Na' ions of Systems II and III with K™ one to one, we obtain systems IV and
V, respectively. The characteristics of Systems IV and V resemble Systems II and II1
respectively. However, the PMF well of System IV (-2kgT) is not as deep as System II (—
7kgT). Correspondingly, System I'V has a weak propensity for AuNPs to aggregate. The
PMF curve of System V is similar to that of System III but has a less deep well, which
means moderate aggregation propensity. These similarities and dissimilar characteristics all
stem from similar chemical properties between Na* and K* but different sizes of the two
cations. The smaller Na* (diameter 2.7 A) interacts with the ligand carboxyl groups more
strongly than the larger K* (diameter 3.5 A). Quantitative characterizations of these ion-
ligand interactions in an aqueous environment are tabulated in the SI, Table S1. Therefore,
the Na™ salt-bridges between two AuNPs are stronger than the K* salt-bridges. Additionally,
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the space between a pair of AuNPs can accommodate fewer K cations and thus a smaller
number of salt-bridges, which is illustrated in the right panels of Figs. 4 (A) and (B). It is
worth noting that the direct vdW attractions between two small AuNPs do not appear to play
a significant role (shown in SI, Fig. S5) as they would in the case of large colloids and that
the continuous medium approximations are not valid for small AuNPs. Atomistic details are
essential in an accurate account of small AuNPs in aqueous solutions.

At this point, we conclude that the behavior of an AuNP aqueous solution is very sensitive
to the size of the counterions (carrying charges opposite of the AuNP charge). It is a natural
step forward to study aqueous solutions of AuNPs with TMA™ as the counterions. TMA*
(diameter 4.6 A), which carries a single charge and is tetrameric in symmetry, is not too
dissimilar in shape from the perfectly spherical Na*/K* but is much more bulkier in volume.
It displaces a larger number of waters in an aqueous solution and it is far less hydrophilic
than Na*/K*. (The hydration energies of TMA™ and Na™ are shown in the SI, Fig. S6.)
Consequently, it is quite ineffective to screen out the electric field of a charged AuNP (SI,
Fig. S7). All these properties of TMA™ together give rise to the very similar characteristics
between System VI having 2.22 mM of AuNP 70 and 133 mM of TMA™ and System VII
having 2.22 mM of AuNP %%, 233 mM of TMA™ and 100 mM of OH. Despite the 100 mM
difference in TMA™ concentration, the PMF curves of Systems VI and VII (Fig. 4(C)) are
essentially identical. In both systems, the Coulomb repulsion between a pair of AuNPs is not
effectively screened out by the aqueous medium containing even high concentrations of
TMAT counterions. The large size of TMA™ and the symmetric distribution of its charge
together make its interaction with the ligand carboxyl groups very weak (SI, Table S1) and
the probability of forming salt-bridges very low (none observed in the simulations of this
study). The AuNP aqueous solutions having only TMA™ counterions exhibit no propensity
to aggregate (in agreement with in vitro experiments>®) and, at the meantime, a strong
tendency against attaining a high concentration of AuNPs.

Non-spherical composite ions

Shown in Fig. 5 are the characteristics of System VIII that contains 150 mM of TRS™ and 50
mM of CI” in addition to 1.67 mM of AuNP 0. This aqueous solution of AuNP % has no
propensity to aggregate but it differs distinctly from Systems VI and VII. Its PMF curve is
essentially flat from 3.5 nm to a greater separation distance between two AuNPs whereas
Systems VI and VII present strong repulsion in this range. System VIII (having TRS" as
counterions) has no propensity for aggregation and exhibits no repulsion between AuNPs
beyond a separation distance of 3.5 nm in contrast with System VII.

Seeking the root of differences between System VI/VII and System VIII, we note that TRS™
differs from TMA™ in every aspect other than both carrying a single positive charge +e.
TRS" is bulkier than TMA™ by three hydroxyl groups (Fig. 1); TRS" is highly non-spherical
in shape while TMA™" is sterically tetrameric (Fig. 1); And TRS" is polar while TMA™* is
apolar. In fact, TRS* counterions interact strongly with the ligand carboxyl groups as
demonstrated in the sharp peak of its distribution density curve (Fig. 5). Thus the TRS*
aqueous medium efficiently screens out the Coulomb repulsion between two negatively
charged AuNPs so that the AuNPs can be easily brought together to form an aqueous
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solution of high AuNP concentration that can be reversibly diluted by adding a needed
amount of TRS™ aqueous solution. In supplemental information, Fig. S8, we plotted the
PMF curves of Systems V to VIII vs the PMF of a system of two fully charged AuNPs in
pure water. From the contrast of the three curves, we are clear that TMA™ ions neutralize the
AuNPs partially and TRS ions neutralize the AuNPs nearly completely.

It is interesting to note again that TRS™ is distinctively different from spherical or near-
spherical cations in its non-spherical shape and polarized charge distribution. Any other
polar non-spherical composite ions should have similar functions when used as counterions
in an AuNP aqueous solution. We therefore predict that it is feasible and effective to use
non-spherical composite counterions in the production of reversibly highly concentrated
AuNP aqueous solutions for medical and other applications.

CONCLUSIONS

Conducting in silico experiments of small AuNPs in an aqueous solution with eight different
combinatory concentrations of monoatomic and composite ions: Na*, K*, CI-, TMA™,
TRS*, and OH™, we reached the following conclusions: (1) Small gold nanoparticles are
indeed sensitive to changes in the aqueous environment, particularly, the size-and-shape and
the concentration of the counterions. Ions with charge similar to AuNPs (both carrying
negative charges in this paper) do not play a significant role other than neutralizing the total
system. (2) Smaller counterions at higher concentrations cause a greater aggregation
propensity of AuNPs. (3) Non-spherical composite counterions are very effective to
eliminate the AuNP aggregation propensity and to screen out the direct Coulomb repulsion
between the like-charged AuNPs. (4) Lowering the pH of an AuNP aqueous solution
reduces the AuNP aggregation propensity even in the presence of sodium ions that are most
efficient for salt-bridge formation. We speculate that these findings will be validated in in
vitro experiments and will prove helpful in the design of AuNP based technologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Equilibrium structures of the Au;44(SR)go nanoparticle and other solutes shown on a

common scale (bar length = 1.0 nm). The ligand RS-groups are 4-mercapto-benzoates
[-SPh(COO™) (pMBA")]. The effective diameter of the inorganic Auj44S¢ core is 2.0 nm.
The Au and S atoms are represented as large spheres (van der Waals), and the ligands are in
the licorice representation. The solute ions and the ligand are also shown as large spheres. In
the middle row are (from left), respectively, OH, Cl~, and pMBA™. In the bottom row are
(from left), respectively, Na®, K*, TMA™*, and TRS*. (Au: gold. S: yellow. O: red. C: cyan.
N: blue. H: white. Cl: purple. Na: deep blue. K: tan.) All graphics in this paper were
rendered with VMD?0.
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Fig. 2.
Characteristics of System 1. Top: The PMF as a function of the center-to-center separation

between two AuNPs. Bottom: The local concentrations (distribution densities) of Na* ions
and the carboxyl groups around an AuNP. Inset in the bottom panel: A snapshot of AuNP in
equilibrium aqueous solution.
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Fig. 3.
A salt-bridge formed by one Na™ between two AuNPs. Only one ligand (pMBA) is shown
on each AuNP. Na™ ion (tan), Au (gold) and S (yellow) atoms are shown as large spheres.
The ligands are shown as licorices (H, white; C, cyan; O, red).
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Characteristics of Systems II to VII. (A) Systems II and III. Left panel, the PMF as a
function of the center-to-center distance between two AuNPs. Central panel, the distribution

density of the ligand carboxyl groups and the same of the solute ions vs the distance to the

AuNP center. Right panel, salt-bridges formed in System III. Here, Na* ions (blue) and the

Au atoms (dark yellow) are represented

by large spheres. The selected waters are in ball-

and-sticks and the pMBAs are in licorice colored as follows: S, light yellow; C, cyan; O,

red; H, white. (B) Systems IV and V. All identical to (A) except K* ions are in large tan
spheres. (C) Systems VI and VII. All identical to (A) except that there are no salt-bridges in
this case and TMA™ ions are in large spheres.
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Fig. 5.

Characteristics of System VIII. Top: The PMF as a function of the center-to-center
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separation between two AuNPs. Bottom: The local concentrations of TRS*, C1™, and the

carboxyl groups around an AuNP. Inset in the bottom panel: A snapshot of TRS* in

equilibrium aqueous solution represented in licorices colored as: C, cyan; H, white; N, blue;

and O, red.
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All-atom model systems of AuNPs in an aqueous solution and their aggregation propensities.

Table |

System | Solute concentrations (mM) Propensity
1 [AuNP39]: 1.67; [Na™]: 50. Very weak
11 [AuNP™9°]: 1.67; [Na*]: 100. Moderate
I [AuNP]: 1.67; [Na*]: 200; [OH"]: 100. Strong

v [AuNP~90]: 2.22; [K*]: 133. Weak

v [AuNP60]: 2.22; [K*]: 233; [OH"]: 100. Moderate
VI [AuNP~90]: 2.22; [TMA*]: 133. None

Vil [AuNP60]: 2.22; [TMA*]: 233; [OH]: 100. | None

VIII [AuNP~9]: 1.67; [TRS™]: 150; [CI7]: 50. None
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