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Abstract: In this work, we show how to obtain internal monodispersed gold nanoparticles inside
polydopamine (PDA) nanospheres that are also externally decorated with gold. The number of
internal nanoparticles is affected by the size of the PDA nanosphere used, and the lower limit in the
number of gold nanoparticles in the center of decorated nanospheres, one single gold nanoparticle,
has been reached. In addition, extensive molecular dynamics simulations of PDA nanospheres
based on four different chemical motifs, in the presence of water and with different sizes, have been
performed to gain insight into the arrangements capable of accommodating cavities. In particular,
PDA nanospheres based on pyranoacridinotrione (PYR) units provide good agreement with the
experimental attainment of internal metal nanoparticles. In these, the stacking of PYR units leads to a
particular morphology, with large portions of space occupied by the solvent, that would explain the

check for observed formation of gold nanoparticles inside the PDA nanosphere.
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Polydopamine (PDA) is widely accepted as a biocompatible polymer and its applica-
tions generate increasing interest. Currently, it is possible to find more than 1222 scientific
contributions related to “polydopamine” from only January to September 2022. The
properties that attract so much attention are its biodegradability, ability to adhere to any
Academic Editor: Carlo Cavallotti material [1-4], high electrical conductivity [5], and interesting photothermal [6,7] and op-
Received: 10 October 2022 tical prope.rties [8] (such as light. abs.orl.otion and dispersion). The presence of functior.lal
Accepted: 12 Decerber 2022 groups on its surface, such as amine, imine, or catechol [9,10] makes it possible to establish
Published: 15 December 2022 bonds with other molecules or biomolecules, or to chelate or coordinate metal ions for the
formation of metal nanoparticles, e.g., gold nanoparticles (AuNPs), on their surface [11,12].
Due to these properties, PDA is used in a wide variety of applications, including pig-
ments, solar screens, adhesives surface coverings, or core-shell composites [13,14]. More
interestingly, under certain conditions, PDA nanospheres can be easily obtained [15] for
promising applications such as drug transport and drug delivery systems [16-18], en-

capsulation of chemicals (such as pollutants for the removal of toxic compounds) [19],
photovoltaics [20,21], and clinical [22-25], sensing [8,26,27], or even antibacterial applica-
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there is a consensus that the polymerization mechanism, kinetics, shape, and structure of
PDA strongly depend on the mode of synthesis and/or the reaction conditions [7,35-37].

AuNPs are one of the more frequently used metal nanoparticles in a wide range
of fields because of their excellent size-dependent properties and their overall chemical
stability. As a study demonstrated, AuNPs are known to form on the surface of PDA
nanospheres and microspheres by the coordination of chloroauric ions with the surficial
functional groups of PDA and reduction by PDA catechol groups, or by adding a reductor,
such as ascorbic acid [11,12]. In the resulting compounds, AuNPs were homogeneously
distributed and anchored on the PDA surface, and no inner clusters or nanoparticles were
detected in the TEM micrographs. Previously, the entry of chloroaurate ions into PDA shells
grown around Fe3O4 nanoparticles was described [38]. In that report, it was shown that at
low concentrations of HAuCly, Au ions remain on the surface of the PDA shell, where the
surface catechol groups reduce them to Au’. As the concentration of HAuCly increases,
Au ions diffuse toward the interior of the PDA shell, where the reducing groups are more
abundant, which makes the stabilizing interactions in the inner layer stronger than those on
the surface. As a result, the formation of smaller and well-distributed AuNPs is observed.
With higher concentrations, around 0.9 mM, the surface PDA groups are not sufficient and
the excess of AuNP agglomerates, forming larger nanoparticles. In this case, the core of
the nanoparticles was made up of magnetite, and the chloroaurate ions could not fully
penetrate the PDA spheres. Other authors [39] also reported that AuNPs/PDA composites
showed two different behaviors based on the concentration of the Au precursor in the
absence of any added reductor. Synthesized AuNPs were homogeneously distributed at the
surface of the PDA sphere’s surface when a sufficiently low concentration of Au precursor
was used. However, if a high concentration of the Au precursor (10 mM) is used, a relatively
smooth (or even unchanged) surface morphology is obtained, while an extremely high
amount of little AuNPs is concentrated at the center of the sphere, occupying most of its
inner space. So far, this unusual synthetic behavior has been attributed to the low density
of the catechol groups and to the special interactions between the Au ions and the catechol
groups. When a high concentration of Au ions accumulates in the center of the sphere, the
functional groups or reducing agents reduce them, and as the reaction proceeds, the PDA
spheres gradually fill with the AuNPs from the center to the edge. The synthesized AuNPs
can then be released as core-shell AuPDA from between 5 and 45 nm by external stimuli,
such as chemical treatment or NIR irradiation.

In recent years, new applications have been developed with hollow mesoporous
polydopamine nanospheres of controlled dimensions, such as a carrier for drugs [40], pho-
tothermal synergetic therapy [41], or AuNPs-decorated PDA spheres as an electrochemical
sensor of ascorbic acid, uric acid, dopamine, and tryptophan [42]. The latter allowed us to
discover PDA nanospheres with small nanoparticles attached to the surface (6-7 nm) and
cores constituted by discrete and monodisperse AuNPs of about 30-35 nm never before
reported, grown inside PDA nanospheres. These developments are very innovative since,
until now, these composites have required the prior synthesis of the monodisperse nanopar-
ticles, and this procedure presents the difficulty of obtaining a homogeneous dispersion of
the nanoparticles to avoid their agglomeration within the PDA.

Within the range of the conformational possibilities of PDA and taking into account
the possibility of the functionalization of its surface, we consider it of great interest to
continue studying the possibility of obtaining small and discrete AuNPs inside dopamine
nanospheres, wherein the hollows and other parameters within the PDA spheres can
control the number of the nanoparticles. As already mentioned, the shape and size of the
PDA spheres can be controlled by the reaction conditions. It is known that the diameter
of the PDA sphere decreases with the decreasing DA:NaOH molar ratio, and that the size
and stability of PDA increase as the reaction time is increased [10,11]. In this way, it would
be possible to obtain a single nanoparticle within the PDA nanosphere, and the composite
would have important improved applications in, for example, surface-enhanced Raman
scattering (SERS), therapy, and drug delivery.
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The density and internal structure of PDA spheres depends on the synthesis method
and are still controversial. To the best of our knowledge, the existence of internal voids or
hollows and the entrance of ions from their external environment have not been studied
yet. So far, the various structures proposed for PDA can be resumed as follows:

e Linear oligomers based on 5,6-dihydroxyindole (DHI) and 5,6-indolequinone con-
nected through 4,7 positions (Figure 1a), confirmed by IR and UV-vis [10];

e  DHlI-based oligomers with different combinations of connectivities in 2,4,7 positions
(Figure 1b), based on NMR studies on deuterated samples and mainly proposed by
theoretical studies [43-47];

e Oligomers based on a pyranoacridinotrione (PYR) motif (Figure 1c), based on MALDI-
MS and NMR [35,48];

e  The combination of a dopaminochrome unit, a 2H-pyrrole moiety, and a benzazepine
(chemical formula: Cp3HpoN3O4*, m/z 402) (Figure 1d), based on MS studies using
deuterium-labeled dopamine precursors [36].

HO

Figure 1. (a) Linear 5:6-dihydroxyindole (DHI)-based oligomers connected through 4,7 positions;
(b) DHI-based oligomers with different combinations of connectivities at 2,4,7 positions; (c) oligomers
based on a pyranoacridinotrione (PYR) motif; and (d) combination of a dopaminochrome unit, a 2H
pyrrole moiety, and benzazepine (Co3HygN3O4*, m/z 402).

The most recent experimental work [36] provided evidence that the major component
of PDA is not DHI-related but dopaminochrome-related, and that porphyrin-like structures
are not likely to be present in the PDA sequence, while PYR-based motifs appear to be a
feasible candidate [48]. On the other hand, NMR studies [43] point out that the oligomers’
aggregation is promoted by 77t stacking interactions, and support the presence of DHI-
based tetramers. In particular, these experimental data suggest that the phenyl/indole
rings display low mobility, remaining rigid, because of the presence of these interactions.
In addition, the same experiments also indicate that water diffusion is slow.
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In summary, the starting points for this work are, firstly, the experimental evidence that
it is possible to obtain discrete gold nanoparticles of controlled size inside a polydopamine
sphere and, secondly, the lack of consensus on the polymer structure. The present work
makes advances in the knowledge of the structure of polydopamine, with the knowledge
that it is possible to obtain a certain number of discrete gold nanoparticles, even one
single particle, within PDA nanospheres. This new approach deals with the description
of their detailed structural properties as well as their possible relation with the formation
of inner gold nanoparticles by molecular dynamics simulations. In order to account for
the uncertainty in the chemical constitution, several models generated from different
chemical candidates proposed in the literature [32,44,48] have been considered, including
compounds based on DHI and on pyranoacridinotrione motifs. In addition, in the solution,
models of different sizes have been simulated.

2. Materials and Methods
2.1. Materials

Dopamine hydrochloride, ascorbic acid, chloroauric acid, FeCl,-4H,O, and FeCl;-6H,O
were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were used in
analytical grade without further purifications. Ultrapure water was used for the preparation
of all solutions.

2.2. Apparatus

Transmission electron microscopy (TEM) images were obtained by a JEOL JEM 2100
(Tokyo, Japan), operated at 200 kV (point resolution of 0.25 nm), and equipped with an
X-ray energy dispersive spectroscopy (XEDS) analyzer. Scanning electron microscopy
(SEM) images were obtained with a JEOL JSM 6400.

2.3. Synthesis of PDA Spheres

PDA spheres of several diameters (150 and 470 nm) were synthesized by procedures
based on the previously described methods [42]. Briefly, the adequate quantity of NaOH
solution to reach concentrations of 2.00 mM and 6.00 mM were added drop by drop to
stirred 10.5 mM dopamine hydrochloride aqueous solutions. The mixture was maintained
at 50 °C for 3 h while stirring, and a change of color from colorless, to pale yellow, and
finally to dark brown was observed. The obtained PDA nanospheres were separated by
centrifugation (12,000 rpm) and washed with ultrapure water several times. The PDNs were
dried and stored at 4 °C. For later use, the spheres were re-dispersed in water by sonication.

2.4. Synthesis of Au-PDA Spheres

The re-dispersed PDA spheres were added into a 1 mM solution of HAuCly, with the
subsequent addition of 0.5 mM ascorbic acid as a reductor. The reaction was constantly
stirred for 3 h at 30 °C. During this time, the color of the suspension turned gradually from
dark brown to dark purple. The Au-PDA spheres were centrifuged and washed several
times with ultrapure water and subsequently dried and stored in the dark at 4 °C [42].

2.5. Simulation Procedures

All the simulations were performed with the NAMD software [49] and the OPLS-
AA force-field [50]. The TIP3P model was used for water molecules. Parameters for the
simulations were obtained with the LigParGen web-based service [51-53]. The visualization
and analysis of the results were performed with VMD [54], while PACKMOL [55] was used
for the generation of bulk and solution-initial geometries.

The candidates considered for the PDA chemical constitution were the following:

Linear 4,7-linked DHI-based octamers (IDHI), as shown in Figure 1a;
DHI-based tetramers (TET-1 to TET-5) with diverging 2,4,7-connectivity, as shown in
Figure 1b (the most stable candidates from DFT calculations were considered);

e  Simple pyranoacridinetrione molecules (PYR), as shown in Figure 1c.
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For each candidate, nanosphere models of two sizes were considered. Firstly, relatively
small nanospheres of about 1 nm were generated in a box of water molecules; these systems
consisted in 1024 repeat units for the DHI-like candidates (corresponding to 128 IDHI
and 256 TET units, respectively), and 783 molecules for PYR. In addition, much larger
models of about 20 nm were simulated, corresponding to 27,000 DHI-like units (3400 IDHI
and 6800 TET monomers) and 10,000 PYR molecules. Due to the large size of these
last systems, solvent effects were considered via the Generalized Born Implicit Solvent
(GBIS) method [56]. While the size of the models is considerably smaller than those
experimentally observed (whose dimensions are not practical for atomistic simulations),
the analysis of the molecular dynamics can provide useful information on the overall
behavior of these systems.

The following procedure for the generation of the PDA nanospheres in solution was
adopted: low-density starting bulk (non-solvated) configurations were randomly generated
with the PACKMOL software (Sao Paulo and Campinas, Brazil), and the structure was
relaxed by a series of NVT short runs, each one with progressively smaller box dimensions,
until the optimal density was achieved. The resulting configurations were then simulated in
water solution (NVT ensemble for the systems with explicit water, after including the bulk
PDA in a box of solvent; non-periodic constant temperature for the systems with implicit
solvent). To avoid artifacts due to the particular starting configuration, the procedure was
repeated up to 3 times for each model, using different randomly generated configurations.
All the simulations were performed with a time step of 2 fs, and the duration of the
production runs was 2.4 ns. A box of 17 x 17 x 17 nm was used for the systems with
explicit solvent.

3. Results

In order to explore the possibility of obtaining different numbers of AuNPs inside
PDA spheres, we prepared two sizes (150 and 470 nm) of PDA spheres by the same
method used earlier [42]. Taking into account the dependence between the diffusion of
the AuNP precursor inside the spheres and its concentration in the solution, as described
in the introduction [38,39], and based on our own experience, we decided to work with a
chloroaurate concentration of 1 mM and to use ascorbic acid as an added reducing agent.
Figure 2 shows the Au-PDA spheres obtained with the two sizes of PDA. As can be seen,
Figure 2b,c show both types of gold nanoparticles, the outer smaller ones and the inner ones
of about 30-35 nm diameter. As previously observed, the smaller Au-PDA nanospheres are
less stable than the larger ones and some appear aggregated. However, it can be observed
how a single 30-35 nm AulNP has formed in the center of each sphere. It can also be
observed that the size of the AuNPs are similar regardless of the size of the PDA sphere
and, unlike what has been observed by other authors, there is no accumulation of smaller
AuNPs inside [39]. The inner larger nanoparticles are not visible in SEM micrographs,
confirming that they were generated inside the spheres (Figure 2a).

Figure 2. (a) SEM microphotograph of Au-PDA spheres of 470 nm on a graphite surface; (b) and (c)
TEM micrographs of Au-PDA spheres of 470 nm and 150 nm, respectively.
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The shape and size of AuNPs have also been related with the organic reductor used to
obtain them [57,58]. In fact, it was observed that when glucose, sucrose, and fructose are
used as reductors for the synthesis of AuNPs, the strongest reductors, such as glucose or
sucrose, generate particles too small for colloidal stability and therefore tend to coalescence,
producing NPs of variable size. However, fructose allows the obtaining of uniform larger
NPs [59]. In our case, a 1 mM chloroaurate solution was used, and the obtained AulNPs
anchored to the surface of the PDA spheres were about 7 nm in diameter when ascorbic
acid was used as the reductor agent. According to the above, the presence of the additional
reductor agent, such as ascorbic acid, prevents the agglomeration of the AuNPs and,
therefore, the nanoparticles formed on the surface are small despite the high concentration
of HAuCly. On the other hand, the 30-35 nm AuNPs observed within the PDA nanospheres
must be attributed to the diffusion of chloroauric acid in the core of the PDA nanosphere,
which cannot be accessed by ascorbic acid, probably by steric hindrance. The fact that these
internal particles are the same size and one or more are formed depending on the size of
the sphere can be attributed to the hollows of the structure of each PDA sphere and the
distribution of the functional groups within them.

In our opinion, the discovery of the existence of these isolated nanoparticles within
the PDA nanospheres could expand the field of applications of these composites due to the
possibility of controlling their quantity and size, which requires knowledge of the internal
structures of nanospheres.

Taking into account the above-mentioned observations, extensive molecular dynamics
simulations were performed. Due to the uncertainty regarding the chemical motif of PDA,
four candidates were considered. The morphology displayed by the smaller models in the
molecular dynamics’ trajectories with explicit solvent is shown in Figure 3. While the three
DHI-based models (IDHI, TET-1, and TET-2) exhibit a similar morphology, with a rather
spherical compact aggregation of molecules, the PYR model presents a clearly different
geometry. More specifically, molecules are stacked, and arranged in disordered vermicular
groups with a larger degree of dispersion than those observed in the DHI-based models, to
form a rather starfish-like distribution. Differences also appear in the dimensions of the
particles: for instance, the average radius of gyration for the PYR nanospheres is about
6.10 nm, much larger than the values for the other models (3.80 for IDHI, 3.70 for TET-1, and
3.80 for TET-2). In all cases, the three components of the radius of gyration had almost the
same values, indicating that the aggregates have a low degree of anisotropy or asphericity.

The details concerning the arrangement of the oligomers within the PDA aggregates
were analyzed in terms of their radial distribution function relative to the center of the
nanosphere (Figure 4). Again, the three DHI-based models show a similar behavior, with
a rather homogeneous profile (a relatively uniform density of oligomers) that spans for
about the average radius of gyration (indicated by vertical lines in Figure 4), and then
decreases up to 1-2 nm. For PYR, on the other hand, the starfish-like arrangement leads
to a distribution profile that, at short distances from the center, starts to slowly decrease
for an extended length, thus indicating a lower density of oligomers in the interior of the
nanosphere. These differences observed in the profiles are illustrated in the right panel of
Figure 4, with simplified depictions of the oligomers’ distributions based on Figure 3.

Experimental studies based on NMR techniques [43] have ascribed the aggregation of
the PDA monomers-oligomers to 7-7t interactions related with a rigid planar conformation
of the individual units. In this work, the planarity of the different candidate molecules
in each model of PDA nanospheres was analyzed in terms of two metrics of molecular
planarity recently proposed, namely the molecular planarity parameter (MPP) and the span
of deviation from plane (SDP) [60]. The first metric (MPP) is computed as the root-mean-
square deviation of the atoms from a plane fitted to the molecule, and the second parameter
(SDP) as the difference between the squares of the distance to the plane for the two atoms
set further apart from both sides of the plane. Hence, these two definitions provide a metric
on the deviation of a molecule from a completely planar geometry, where small values for
both parameters are indicative of a planar system.
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Figure 3. Representation of one configuration for the different PDA models: (a) IDHI, (b) TET-1, (c)
TET-2, and (d) PYR, in solution from the MD simulations.

The values reported in Table 1 indicate both that PYR displays the smallest deviations
(in both parameters), that is, the largest degree of planarity, and that the TET-1 and TET-2
tetramers, and especially the /[HDI octamer, exhibit a remarkable deviation from planarity.
This behavior is illustrated in Figure 5, where the geometry of individual molecules taken
from the simulations for the four candidates is displayed. Inspection of the corresponding
torsions shows that the bonds connecting different DHI units are neither rigid nor in a
planar conformation.

Table 1. Values obtained for the planarity parameters (MPP and SDP), averaged for the oligomeric
units for the three MD trajectories in solution for the nanosphere models for the four candidates
considered for PDA.

Model MPP SDP
IDHI 6.12 21.78
TET-1 3.20 12.05
TET-2 3.04 11.55
PYR 2.34 8.39

The possible implications of the conformational and morphological properties of
the different aggregates on the formation of AuNPs in their interior were considered.
As stated in the introduction, experimental evidence points to a slow diffusion of water
molecules inside the PDA nanospheres, which, in the presence of aurate salts, could
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explain the presence of solved gold-containing molecules. These could eventually produce
encapsulated AuNPs upon reduction. Therefore, the distribution of water molecules inside
the different aggregates was analyzed in terms of the radial distribution function relative
to the distance to the center of the nanosphere, as shown in Figure 6.

N T

Distanée (nm) * \\\ / /—////'2

Figure 4. RDF for PDA atoms relative to the position of the nanosphere center of mass for the four
models considered in solution (/DHI: red; PYR: blue; TET-1: green; TET-2: cyan). All the profiles
are averaged for the three configurations generated for each model. The vertical lines indicate the
average approximate value of the radius of gyration for each of the systems. The schemes on the right
are simplified depictions proposed for IDHI, TET-1, and TET-2 (top), and for PYR (bottom) from the
overall geometry and the RDF profiles.

Ty

Figure 5. Examples of representative conformations from the molecular dynamics trajectories for

individual units for the four PDA models considered, in the MD simulations with explicit solvent
(left to right: IDHI, TET-1, TET-2, and PYR).

The profiles displayed for the four models indicate that there is a non-negligible
insertion of water inside all the systems. In particular, the density of water inside for
the DHI-based models is rather low, with a uniform profile clearly located within the
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nanosphere. On the other hand, the presence of water inside the PYR cluster is larger,
and the profile does not display a large change between the interior and exterior of the
nanosphere. A schematic depiction of these behaviors is included on the right side of
Figure 6. To further illustrate these trends, Figure 7 shows the distribution of water
molecules within an aggregate based on the TET-2 candidate. Obviously, the starfish-like
morphology of the PYR system allows for the presence of a much larger amount of water
within the aggregate, but it should be taken into account that, in contrast to the DHI-
based models, those molecules are not confined in a rather closed geometry. Thus, a large
diffusion of water should be expected.
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Figure 6. RDF for water atoms relative to the position of the nanosphere center of mass for the four
models considered in explicit solvent (IDHI: red; PYR: blue; TET-1: green; TET-2: cyan). All the
profiles are averaged for the three configurations generated for each model. The vertical lines indicate
the average approximate value of the radius of gyration for each of the systems. The schemes on the
right are simplified depictions for the water penetration proposed for IDHI, TET-1, and TET-2 (top),
and for PYR (bottom) from the overall geometry and the RDF profiles.

To gain more insight into the behavior of the different models, additional MD simula-
tions were carried out considering much larger nanospheres, up to about 20 nm. Due to the
huge number of atoms involved, solvent effects were incorporated with an implicit model,
namely GBIS [56]. On the other hand, as the behavior observed thus far for both TET-1 and
TET-2 was very similar, only a system constituted by TET-1 was considered. Snapshots
of the corresponding simulations are shown in Figure 8. It can be seen that, for larger
nanospheres, some of the general trends observed in the smaller systems become more
apparent. In particular, while IDHI and TET still display a rather homogenous distribution
of molecules, the extensive stacking of PYR molecules leads to a morphology with the
presence of big inner cavities.

The geometry of the large nanospheres was characterized in terms of the relative shape
anisotropy (k%) derived from the principal moments of the gyration tensor. The average
values obtained for the three systems were very low (see Table 2), of the order of 107%,
indicative of geometries with a uniform, spherical shape.
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Figure 7. Distribution of water molecules within a PDA nanosphere in the TET-2 model. In green are
displayed the outer TET-2 oligomers to indicate the dimensions of the nanosphere.

Figure 8. Representation of one configuration for the different PDA models (left to right: IDHI, TET-1,
and PYR) in implicit solvent from the MD simulations.

Table 2. Relative shape anisotropy (k%) from the MD trajectories in implicit solvent for the large
nanosphere models for the three candidates considered for PDA.

Model K2
IDHI 251074
TET-1 451074
PYR 321074

The morphology differences become more evident in the distribution of the molecules
with respect to the center of the nanospheres, as shown in Figure 9. The two DHI-based
models display a uniform (disordered) distribution of units in the whole nanosphere, as
in the one schematically depicted in the upper right corner of Figure 9. On the other
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RDF

@

hand, the function for the PYR model exhibits clear localized peaks in the inner core of the
nanosphere, indicative of a structured arrangement close to the center that becomes more
dispersed at larger distances. Taking as a reference the geometry displayed in Figure 8,

this profile may be interpreted in terms of a distribution like that shown in the lower right
corner of Figure 9.

Distance (nm) \\

Figure 9. Radial distribution function of the rings of different monomer units (referred to their centers
of mass) relative to the nanosphere center of mass for the large nanosphere models (IDHI: red; PYR:
blue; TET: green), in the simulations with implicit solvent. The vertical lines indicate the average
approximate value of the radius of gyration for each of the systems. The schemes on the right are

simplified depictions proposed for IDHI and TET-1 (top), and for PYR (bottom) from the overall
geometry and the RDF profiles.

In a similar fashion as with the simulations for the smaller nanospheres, the occurrence
of 7-7t stacking interactions in the larger models was investigated to get a better comparison
with some of the experimental evidence. In particular, the stacking between units in the
larger nanospheres was analyzed in terms of the pair-pair radial distribution function,
computed in terms of the centers of the rings in each unit. The results are displayed
in Figure 10 and reveal an extensive stacking between different molecules for the PYR
model, covering up to 3 to 4 stacked units (as shown by the peaks in the corresponding
distribution). On the other hand, the degree of stacking is much smaller for TET, mainly up
to two units, while for /[DHI it is practically non-existent. Therefore, it can be said that the
PYR-based model is the one that displays a more planar conformation. More importantly,

it is the one that exhibits a larger degree of aggregation with 7-7t interactions and, therefore,
better agrees with NMR-based observations [43].
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Figure 10. Radjial distribution function among the rings of different monomer units (referred to their
ring centers in each unit) for the large nanosphere models (IDHI: red; PYR: blue; TET: green) in
implicit solvent.

Indeed, the extensive stacking in the PYR-based model appears to play an important
role in the general features of the nanosphere, specifically in the degree of water penetration
within the aggregate. As illustrated in the morphologies in both Figures 3 and 8, the n-7
interactions in PYR favors the formation of vermicular aggregates that assemble together
to form a nanosphere with large portions of empty space that can be occupied by water.
Such an arrangement is clearly different from the DHI-based models, which exhibit a
uniform distribution of units. The structural details of these free space (or cavities) have
been characterized in terms of a pore size distribution (PSD) analysis, using the PoreBlazer
v4.0 software [61]. In this method, which has proven useful for the analysis of polymer
systems [62,63], a given configuration is mapped to a lattice grid, and a hard-sphere probe
is used to locate and measure free spaces (cavities or “pores”). In this study, the PSD
analysis was carried out for the inner region (a cube with a side length of 20 nm) in the final
configuration of each large nanosphere model. The results, shown in Figure 11, indicate
that the most probable free space size for IDHI and TET is about 2.5 nm in diameter, while
cavities with a maximum of about 4 nm were observed for the PYR nanosphere (right side
of Figure 8).

Overall, a remarkable diffusion of solvated molecules, as chloroaurate ions, inside the
nanosphere can be expected for the PYR-based model, given its morphological features. In
other words, the geometry displayed by the PYR-based model could account for both the
occurrence of -7 stacking as suggested by NMR experiments, and the formation of gold
nanoparticles inside PDA nanospheres.
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Figure 11. Pore size distributions for the large nanosphere models (IDHI: red; PYR: blue; TET: green)
in implicit solvent. V(d) refers to the accessible volume of a cavity (“pore”) of a diameter d.

4. Conclusions

This work confirmed the preparation of discrete and monodispersed gold nanopar-
ticles of about 30-35 nm inside gold-decorated polydopamine spheres. Under fixed
preparation conditions, the number of internal gold nanoparticles is affected by the PDA
nanosphere size, and the lower limit of a single gold nanoparticle in the center of the
decorated nanospheres was reached with 150 nm nanospheres.

Likewise, this work provides a new contribution to the knowledge of the structure of
PDA spheres and their interior space through extensive molecular dynamics simulations.
For this purpose, MD simulations of PDA nanospheres with two different sizes, based on
four different chemical motifs (IDHI, TET-1, TET-2, and PYR), in the presence of water, were
performed with the aim of gaining insight into the arrangements capable of accommodating
cavities that could explain the formation of the internal nanoparticles. Overall, the results of
the MD simulations, especially when considering systems of a larger size, suggest that the
pyranoacridinotrione-based model displays features that better agree with experimental ob-
servations. On the one hand, the 7t-7t interactions in PYR favor the formation of vermicular
aggregates that assemble together to form a nanosphere, allowing large portions of empty
space that can be occupied by water. Furthermore, the occurrence of these -7 interactions
that extend over several molecules is compatible with the evidence attained from NMR
studies. On the other hand, regarding the DHI-based models, the relative lack of planarity,
and hence rather small presence of stacking between molecules, leads to rather uniform
nanospheres that are not supported by experimental observations. Consequently, it was
demonstrated that MD simulations are a good tool to providing a better understanding
of the structure of polydopamine nanospheres and to explaining the formation of internal
AuNPs, agreeing with the SEM and previous NMR experimental evidence.
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