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Abstract

Diatoms are a significant group of algae displaying a sizeable morphological diversity, whose underlying structure
arises from nanopatterned silica. Extensive experimental evidence suggests that a delicate interplay between vari-
ous organic components and polysilicic acid plays a crucial role in biosilica mineralization. Thus, gaining insight into
the properties of this organic-inorganic interface is of great interest in understanding the mechanisms controlling
biosilica formation over different length scales. In this work, we use all-atom Molecular Dynamics simulations to inves-
tigate the aggregation behavior of polysilicic acid and silica nanoparticles in solution in the presence of protonated
long-chain polyamines with a focus on the nature of the driving forces mediating the organic-inorganic aggregation
process. Our results show that electrostatic forces between organic and inorganic species are the dominant interac-
tion responsible for largely preserving the structural integrity of the organic-inorganic aggregates in solution. Thus,
aggregates involving electrically neutral polysilicic acid are fully dissolved in an agueous environment, since hydrogen
bonding and van der Waals interactions turn out to be not strong enough to keep the aggregates together. Our main
simulation results are in qualitative agreement with in vitro experiments, so that we expect they can contribute to
shedding light on the initial stages of biosilica mineralization in diatoms.
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Introduction

Diatoms have enormous ecological relevance and dis-
play a diversity of patterns and structures ranging from
the nano- to the millimeter scale. More than 250,000
species of diatoms have been identified, mainly based
on their shell morphology. Apart from their interest in
biology, diatom nanotechnology is emerging as a new
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interdisciplinary area, joining efforts of scientists working
in biology, chemistry, biochemistry, physics, biotechnol-
ogy, and materials science. Possible applications of dia-
toms in biophotonics, microfluidics, sensorics, controlled
drug delivery and even in the development of unique
computer architectures have been proposed, see Ref. [1]
for a review. Intensive experimental investigations over
the past years have identified a specialized intracellular
compartment, the silica deposition vesicle (SDV) that is
considered to be responsible for the control of biosilica
precipitation and pattern formation (see Refs. [2, 3] for
general reviews). Of great interest has been the discov-
ery of a large variety of organic (both soluble and insolu-
ble) components inside the SDV, whose role in biosilica
formation has only been partly clarified. Although the
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identification of these silica-associated biomolecules
seems not yet complete, the organic components identi-
fied so far include long-chain polyamines (LCPA), zwit-
terionic silaffins, silacidins, cingulins, and chitin [4-17].
In particular, LCPAs and silaffins have been shown to
strongly influence in vitro silicic acid polycondensation
as well as precipitation of silica nanoparticles with diam-
eters covering a broad range of few tens to few hundreds
of nanometers.

Clarifying the underlying mechanisms of biosilica
morphogenesis in diatoms (and other species)—involv-
ing a diversity of length and time scales—will provide
deeper insights into how biological information is trans-
ferred from the atomic scale to the macroscopic scale,
and will thus allow suggesting specific strategies for pos-
sible nanotechnological applications. Still, a genuinely
scale-bridging approach is missing, due to the enormous
complexity of the problem. Instead, a variety of compu-
tational methodologies has been used to address various
physico-chemical processes at different length scales,
ranging from quantum mechanical methods [18-20],
through (atomistic and coarse-grained) classical Molecu-
lar Dynamics simulations [21-26] up to models based on
reaction—diffusion and phase-field approaches [27-29]
and kinetic Monte Carlo simulations [30].

Concerning the potential role of some of the organic
components, the currently existing general hypothesis is
that they may, on the one hand, speed up or even cata-
lyze silicic acid polycondensation [8] and, on the other
hand, provide an organic template for biosilica pre-
cipitation. This second idea has been pioneered by the
work of Sumper [31], see also Ref. [32]. Although the
underlying physicochemical mechanisms are not fully
understood, it is generally assumed that silica forma-
tion is accompanied by self-assembly processes involv-
ing a diversity of microscopic interactions: electrostatic,
hydrophobic, van-der-Waals, and hydrogen bonding
between the different biomolecules and between organic
constituents and polysilicic acid. Without entering into
further details, we refer the reader to review articles by
Hildebrand and Lerch [33], Foo et al. [34], and Perry and
Keeling-Tucker [17].

In the specific case of the long-chain polyamines,
which will be the target of our computational studies,
they were also found to mediate silica formation in vitro,
see Ref. [2]. The LCPAs require, however, the presence of
polyvalent anionic species to trigger silica deposition.

Experimental studies by Sumper et al. [35, 36] have
revealed the dramatic influence phosphate anions have in
controlling the size of silica nanoparticles formed in an
LCPA containing solution. In fact, silica formation was
only triggered if phosphates were present in the solu-
tion containing LCPA and silicic acid. An interesting
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observation in the same study was the presence of a lag
phase in the silica precipitation experiments, which the
authors associated with the time-lapse needed for mono
silicic acid to polymerize spontaneously. This issue of the
initial steps towards silicic acid polycondensation and the
role played at this stage by the organic components is one
central open question in biosilica formation in diatoms.

Subsequent investigations by Brunner et al. [37] using
NMR and dynamic light scattering on polyallylamine
(PAA) further demonstrated that silica precipitation
took place only above a threshold in the phosphate ion
concentration ~ 0.3 [Pi]/[r.u.], clearly indicating the cru-
cial role of the phosphate ions. A similar correlation was
found between the size of PAA aggregates and the ionic
concentration with a dramatic increase in the diameter of
the aggregates around the threshold value of 0.3. Inter-
estingly, also sulfate anions were shown to induce phase-
separation of PAA solutions, while chloride ions did not,
even at very high ionic concentrations.

Lutz et al. [38] used NMR and dynamic light scattering
methodologies to assess and characterize the phase sep-
aration behavior of PAA molecules in aqueous solution
in the presence of phosphate ions with varying pH. This
study revealed a strong pH-dependence of the average
PAA aggregate diameter, with the threshold pH at which
aggregation begins being dependent on the ion concen-
tration. While these results indicated a strong influence
of electrostatic interactions (controlled by the pH) in
mediating the PAA self-organization, the authors also
hinted at the presence of a hydrogen-bonded network
stabilized by the electrostatic interactions. One must,
however, keep in mind that PAA chains are considerably
longer than LCPAs —LCPA molecules typically found in
diatoms have a chain length ranging between 8 and 20
amino groups [8]—, so that the entropic contributions
to the self-assembly may be quite different in both cases.
Nevertheless, the relevance of electrostatic and hydro-
gen-bond interactions can be expected to be equally rel-
evant for LCPA-phosphate ion interactions and hence,
also control the morphology of biosilica.

The primary qualitative picture that seems to emerge
from these results is that the positively charged poly-
amine chains interact electrostatically and eventually
through hydrogen bonding with the polycations and with
the (negatively charged) polysilicic acid molecules. This
process results in the formation of silica networks com-
posed of spherical aggregates with diameters depending
on the specific reaction conditions.

The experimental studies previously reviewed build
our motivation to carry out all-atom classical Molecular
Dynamics simulations of biologically relevant organic
components (LCPAs) in solution in the presence of phos-
phate ions and silicic acid nanoclusters (with diameters
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<1 nm) as well as amorphous silica nanoparticles (with
diameters ~ 1-2 nm). Our main goal is to shed light on
the possible self-aggregation pathways of organic and
inorganic components, the aggregate’s structural stability
in solution, and the dominant non-covalent interactions
(electrostatic, hydrogen bond, van-der-Waals) control-
ling it. The choice of LCPAs is additionally motivated by
detailed solid-state NMR spectroscopy investigations by
Jantschke et al. [15] on S. turris, which strongly suggests
that LCPAs are broadly dispersed into the silica phase.
Moreover, the mass spectral characterization of polyam-
ines from an Antarctic diatomaceous ooze sediment sam-
ple carried out by Bridoux and Ingalls [39] also indicated
that LCPAs are tightly associated with diatoms cell walls.
Hence, LCPA provides a relevant molecular system to
explore the properties of the organic—inorganic interface.
LCPAs are also very suitable for a computational study
due to their relative structural simplicity, in contrast, e.g.,
to the zwitterionic silaffins, which possess a variety of
post-translational modifications, making the modeling of
large molecular assemblies computationally more expen-
sive. As the bottom line of our computational study, our
results strongly hint at the dominant role played by elec-
trostatic interactions in influencing the structural integ-
rity of LCPA/silica aggregates. Aggregates involving the
electrically neutral dimers and tetramers are fully dis-
solved in an aqueous environment. We also discuss the
influence of phosphate ions in influencing the self-organ-
ization of LCPAs in solution.

Methods

Object of study

Due to the intrinsic restrictions on the accessible time
scales of all-atom Molecular Dynamics (MD) simula-
tions, we aim in this study at revealing clustering tenden-
cies—rather than a large scale self-assembly—of specific
organic components in solution in the presence of inor-
ganic components. We further aim at exploring the rel-
evant physical interactions (electrostatic, hydrophobic,
hydrogen bond, van-der-Waals) mediating the organic—
inorganic clustering.

Organic components

As previously mentioned, we have chosen long-chain
polyamines (LCPA) as the organic component due to
both their relatively simple structure as well as to their
relevance for biosilica formation. Figure la shows the
atomistic representation of the LCPA to be used in this
study. It contains eleven amino groups (a.g.), and it
has been previously synthesized and characterized by
Nuclear Magnetic Resonance experiments by Abacilar
et al. [40].
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Fig. 1 Main components of the simulation a Long-chain polyamine
(LCPA) containing 11 amino groups with a protonation degree
of +9. The two uncharged amino groups are highlighted with
a blue triangle; b neutral disilicic acid (dimer|Si,O7Hg), neutral
cyclo tetrasilicic acid (tetramer|Si4O12Hs), and negatively charged
octahydroxyoctasilsequioxane-ion (octamer|SigOxoH3); € randomly
generated amorphous silica nanoparticles

The obtained pKa at physiological pH (~ 5.5) indicates
that the LCPAs are positively charged with a degree of
protonation of 9e.

lons

As mentioned in the introduction, in vitro experimental
studies [41-44] have shown that phosphate anions have
a dramatic influence on the size of silica nanoparticles
that are formed in an LCPA containing solution. Since
silica formation is only triggered if phosphates (or other
polyvalent anions) are present in the solution, we have
included phosphoric acid in our simulations. Since it is
known [45] that more than 95 % of the species are pre-
sent in solution in the form of dihydrogen phosphate ion
(HoPOy) at a pH of 5.5, we have used this charge state
throughout this paper.

Silica precursors
We have selected different silica precursors with the pur-
pose of shedding some light on the role of microscopic
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interactions at the organic—inorganic interface. The cho-
sen silica precursors are displayed in Fig. 1b, c. In the first
part of this study, we have used three different polysilicic
acids as precursors: disilicic acid (SipO7Hs), cyclo tetra-
silicic acid (Si4O12Hg) and octahydroxyoctasilsequiox-
ane-ion (SigO20H;); for simplification, they are denoted
in the text as dimer, tetramer, and octamer, respectively.
Concerning the tetramer and the octamer, the cyclic
structures have been considered because they turn out
to be formed earlier in the condensation process [46]
compared to the linear conformations. As we have veri-
fied with Marvin sketch, dimers and tetramers are neu-
tral while the octamers are negatively (—1e) charged at
pH ~ 5.5.

In the second part of the investigation, we have used
larger amorphous silica nanoparticles to address the
interactions with LCPAs on a larger length scale. As ini-
tial bulk material, the dataset generated by Cruz-Chu
et al. [47] and published along VMD in the “Inorganic
Builder” plugin was used. This set of coordinates was
generated following the cooling cycles proposed by Huff
et al. [48]. From the bulk material, random spheres with
preselected diameters were extracted. Due to the nature
of amorphous SiOj, a triple coordinated oxygen atom
may exist inside a randomly selected sphere. If this is the
case, the sphere was discarded, as the used force fields
can not describe the behavior of such a configuration.
After a valid sphere is cut from the bulk, the system was
“polished” During this process, all silicon atoms having
less than two connections to other silicon atoms were
removed to create as compact a structure as possible.
Next, all outward-facing oxygen atoms with just one con-
nection to a silicon atom were identified. These selected
atoms were then saturated with a hydrogen atom. In a
first approximation, they were placed randomly with
a distance of 0.95 A and at an angle (Si—O—H) of 130°.
A random selection of hydrogen atoms was removed,
and the connected oxygen atoms were charged to adjust
the virtual pH value. Based on the pH dependence of
the silica surface described in the INTERFACE force
field 1.5 [49], we chose to remove 7.75 % of the hydro-
gen atoms to be near our pH ~ 5.5 goal. For the particles
used, the charges ranged depending on the surface area
from —1 e to —4 e. Charges in the structure were then set
depending on their neighbors following the INTERFACE
force field. After the “polishing” step the spheres were
relaxed in vacuum at 298 K for 20,000 steps (2 ps).

Simulation and visualization details

The classical all-atom Molecular Dynamics (MD) simula-
tions of LCPAs in solution with varying silica precursors
and phosphate ion concentrations were performed using
the software package NAMD 2.10.8 [50].
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Polyamines and chlorine counter-ions were modeled
using the CHARMM force field [51], while the silica spe-
cies and phosphate ions were described using the INTER-
FACE force field 1.5 parameters [52]. The LCPA structure
was first optimized in vacuum using Density-Functional
Theory as implemented in Gamess [53] at the B3LYP/6-
31G(d,p) level of theory. The atomic partial charges of
LCPA were derived using the R.E.D (RESP ESP charge
derive) server [54, 55]. Water molecules were described
using the TIP3P model (with —0.834 4 charge for oxy-
gen and 0.417 e for hydrogen). Bonds involving hydrogen
were kept rigid during the simulations using the SHAKE
algorithm [56]. Non-bonding interactions were com-
puted for atoms separated by at least three bonds using
a cutoff at 12 A with the SWITCH [50] function turned
off and using a scaling factor of 0.8 to reduce the elec-
trostatic forces. Finally, long-range electrostatic interac-
tions were evaluated using the particle-mesh Ewald [57]
method, as implemented in NAMD with a grid spacing
of 1.0 A.

All the MD simulations were first equilibrated in
an NPT ensemble for 5 ns to 15 ns. Once a reasonable
value of the density is reached (0.9 g cm™3 ), consistent
for organic components in the diluted water solution,
the volume was kept constant carrying on the simula-
tions in the canonical ensemble (NVT). All simulations
were performed with an integration time step of 2 fs at
temperature 7 = 298 K and pressure P = 1.013 bar. The
temperature was kept constant using a Langevin thermo-
stat [58]. The simulation boxes are cubic and rectangu-
lar cuboids with periodic boundary conditions applied in
all directions. The trajectories were collected for at least
50 ns saving every 1000 to 3000 steps. For the visualiza-
tion of the molecular structures and their analysis, we
used VMD [59] to generate the scenes that were then
rendered with Tachyon [60]. To generate the animations
(Additional files 1, 2, 3 and 4) the trajectories were pre-
pared with the help of MDAnalysis [61, 62]. The system
was reduced to the relevant components, and the build-
ing blocks paths were smoothed to capture the dominant
conformational changes better. In the end, the rendering
was carried out automatically with Molani [63].

Results and discussion
Interaction of polyamines with polysilicic acid
We have first addressed the issue of the stability of LCPA
clustering in the presence of polysilicic acid (dimers,
tetramers, octamers) and phosphate ions, identifying the
role played by each element and the main driving forces
in the mutual rearrangement among the organic—inor-
ganic components.

As Brunner and coworkers have shown [64], multi-
valent anions such as phosphates can efficiently induce
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microscopic phase separation in the silica precipita-
tion in the presence of polyallylamine. As hypothesized,
phosphate ions should facilitate the formation of larger
molecular aggregates due to the expected attractive elec-
trostatic interaction between positively charged LCPAs
and anionic species together with hydrogen bonds net-
work formation. We have, therefore, considered two
different simulation setups: (1) LCPA aggregation in
solution with varying phosphate ion concentration, and
(2) LCPA aggregation in the presence of polysilicic acid
species at a fixed phosphate ion concentration.

1. Aggregation of polyamines in solution with varying
phosphate ion concentration

The simulation cell contained 20 charged (protonation
degree +9) LCPAs with different phosphate ion (Pi)
concentrations. We have considered three Pi  concentra-
tions per charged amino group, [Pi]/[a.g]*: 0.5, 1.0 and
2.0. Representative snapshots are reported in Fig. 2. As
a reference, a system without phosphate ions, including
only LCPAs in solution, was also studied.

To reduce the computational effort, we have adopted
the following strategy: before addressing the system in
an aqueous environment, we have first pre-aggregated
the organic and inorganic components in a vacuum; only
then the obtained cluster was introduced in the simula-
tion box including the water molecules and its structural
stability tested as a function of the simulation time. In
this way, we overcome the very long time window that
would be required to induce clustering in solution start-
ing from randomly placed individual components (in the
absence of water, aggregation takes place very quickly due
to the non-screening of Coulomb interactions). To avoid
spurious results related to specific clustering configura-
tions in vacuum, we repeated this procedure for different
initial configurations, but the obtained final structures
displayed similar structural features.

In Fig. 2 we show initial (a—c) and final (d—f) configura-
tions of the polyamine-phosphate clusters for increasing
ion concentrations: [Pi]/[a.g.]” = 0.5 (a, d); 1.0 (b, €), and
2.0 (c, f). For panel (d) the final snapshot was taken after
t = 20 ns, while for panels (e) and (f) the final conforma-
tion was drawn at time ¢ = 70 ns. From the figures, we
see that for the smallest concentration [Pi]/[a.g.]T = 0.5,
the pre-aggregated cluster is structurally unstable upon
immersion in the water box and rapidly dissolves. How-
ever, the process slows down with increasing phosphate
concentration. In fact, after 70 ns (see Fig. 2e, f), few
LCPAs are dispersed in water, but nevertheless an inter-
nal core still remains intact for the entire simulation
time. By analyzing in more detail the obtained simula-
tion trajectories, we found out that the positively charged
amino groups in the polyamines ionically cross-link with
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15 nm

Fig. 2 Representative snapshots of the aggregation of 20 protonated
LCPAs (green) at different phosphate anion (Pi ) concentrations

(red). The phosphate ion concentrations are: [Pil/[a.g]" = 0.5 (a, d);
1.0 (b, e), and 2.0 (¢, f). The label “initial” (panels a-c) refers to the
starting pre-aggregated system in vacuum for each corresponding
Pi- concentration. The aggregate is subsequently immersed in an
aqueous solution to test its structural stability. For clarity, the water
molecules are not shown. Notice that only for the cases e and f the
LCPA-phosphate aggregate remains partially intact. On the contrary,
in case d the aggregate completely dissolves after a short simulation
time (well below the shown snapshot at t = 20 ns)

the negatively charged oxygens belonging to Pi . Fur-
thermore, a hydrogen bond network among phosphate
groups additionally contributes to stabilizing the cluster,
see Fig. 3. These results are in agreement with experi-
mental studies [44, 65], which suggest not only Coulomb
interactions as a stabilizing agent of the polyamine-phos-
phate network, but also hydrogen-bond interactions.
Notice that for [Pi]/[a.g.]T= 2.0 the electrostatic repul-
sion effect among the phosphate ions may be too strong
(a larger number of ions are dispersed in the solution)
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Fig. 3 Hydrogen bond network between LCPA and phosphate ions.
The interaction mechanism between LCPA and Phosphate ions is
shown in detail; specifically, the positively charged amino groups
ionically cross-link with the negatively charged oxygens of Pi  (see
black dotted lines). In addition, the hydrogen bond network among
phosphates is also highlighted (red dotted lines)

and, hence, the structural stability of the aggregate
might become compromised over longer time scales not
reached by the simulations. In this sense, the optimal
concentration seems to be [Pi]/[a.g.]*= 1.0. This effect
may, however, depend on the concentration of polyam-
ines involved in the simulation.

The observed trend with increasing phosphate con-
centration also agrees with the experimental studies in
Refs. [8, 42, 44, 64, 66, 67], which demonstrates a delicate
interplay between phosphate concentration and the solu-
tion pH (which allows tuning the charge state) in control-
ling the aggregation behavior of organic components and
the subsequent silica deposition process. We also remark
that, besides the biosilica-relevant experimental studies
mentioned above, phosphate-induced self-assembly of
polyamines into supramolecular nano-architectures has
also been addressed to develop strategies for novel func-
tional materials [65, 68]. These studies have also high-
lighted the role of electrostatic and hydrogen-bonding
interactions with the phosphate ions in the formation of
the polyamine molecular networks.

2. Aggregation behavior of polyamines in the presence
of polysilicic acid at fixed phosphate ion concentration
In the previous section, we have shown the increased
structural stability of the aggregates with increasing
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phosphate ion concentration. Starting now from the con-
centration [Pi]/[a.g.]T = 1 for which we first observed a
tendency to at least partly preserve the structural integ-
rity of the polyamine/phosphate clusters, we have now
considered three different systems corresponding to
the three different polysilicic acid molecules shown in
Fig. 1b.

As an initial configuration before immersion in the
water box we have used in each case two different vari-
ants: (i) adding polysilicic acid to a pre-aggregated poly-
amine/phosphate system in a vacuum (as described in
the previous subsection) and (ii) adding polysilicic acid to
a randomly distributed set of polyamine and phosphate
ions in a vacuum. In this way, we aim at clarifying if, and
how, the initial conformation may bias the behavior in
water solution. In both cases (i) and (ii) an MD simulation
was subsequently run in vacuum to obtain an aggregate
consisting now of polysilicic acid/polyamine/phosphates.
This structure served then as the initial configuration for
the simulations in an aqueous environment. These differ-
ent stages are shown in Fig. 4.

The transition from the structures shown in panel
Fig. 4a, d to those in panel Fig. 4b, e (simulations in vac-
uum) took place just within a few nanoseconds (< 10 ns).
Once the new aggregates are formed, we study their sta-
bility in water at ambient conditions.

Let us start by considering the case of the silica dimers
(see Fig. 4) in the case of pre-aggregated initial conditions
(panels a—c). Upon relaxation in a vacuum, the dimers
distribute around a central core consisting of phosphate
ions and polyamines (Fig. 4b). Leaving the system free
to evolve in water leads to the dimers quickly dispersing
(< 20 ns), see Fig. 4c, while the internal pre-stabilized
polyamine/phosphate core remains relatively stable dur-
ing the simulation time (60 ns).

In the case of a random initial distribution (panels
d-f), all the components are obviously stronger mixed,
with the dimers now being distributed inside and outside
the final cluster (see Fig. 4e). Still, this initial conforma-
tion dissolves entirely once introduced in the water box
(see Fig. 4f). This dissolution process is probably due
to the presence of the neutral dimers, which screen the
electrostatic interaction between polyamine and phos-
phate ions. These results suggest that the aggregation
process is primarily driven by the Coulomb interaction
between positively charged amino groups and negatively
charged phosphate ions without any sizeable contribu-
tion of hydrogen bond among the neutral species. The
same tendency was found in the presence of neutral tet-
rasilicic acid (not shown). This tendency may be an indi-
cation that the classical force fields used are not able to
catch some subtleties of the interactions between neu-
tral species and organic components. If this is the case,



Eckert et al. BMC Mat (2020) 2:6

Page 7 of 15

pre-aggregated random

16 nm

Fig. 4 Two ways to generate the initial configuration of the
polyamine (green)-silica dimers (grey)-phosphate (red) aggregate
previous to the immersion in the water box. a Silica dimers are
added in vacuum to a previously aggregated LCPA-phosphate
complex. After an MD run, a compact cluster containing the three
components is quickly formed, b cluster after immersion in water
at 0 ns (initial configuration), ¢ Snapshot showing the final stage of
the MD simulation in water at 40 ns. The silica dimers and several
phosphate ions are largely dispersed in the aqueous solution, while
a polyamine-phosphate core is not fully dissolved. d All building
blocks are randomly distributed in the simulation box without water
molecules, e similar to the pre-aggregated case, a compact cluster
is quickly formed and used as starting configuration for the MD
simulations in water, f after 40 ns the aggregate is almost entirely
dissolved in the solution

either more elaborate force field parametrizations will be
required, or alternatively, a QM/MM approach may turn
out to be more appropriate. This will require, in any case,
further elucidation.

Let us now consider the system in the presence of nega-
tively charged octamers at physiological pH ~ 5.5. Also in
this case, the two previously described different pathways
to generate the initial aggregates have been considered:
pre-aggregated and random distribution, see Fig. 5.

pre-aggregated random

19 nm
Fig. 5 Two ways to generate the initial configuration of the
polyamine (green)-silica octamer (grey)-phosphate (red) aggregate
previous to the immersion in the water box. a Silica octamers
are added to a previously built polyamine-phosphate cluster in a
vacuum, b the resulting aggregate builds the initial structure at
t = 0ns for the MD simulation in a water box, ¢ Snapshot of the
final configuration after 40 ns. Although the phosphate ions are
dispersed in the aqueous environment, an aggregate of polyamines
and octamers remains structurally stable. d—f Similar results for the
case that an initial random distribution of the three building blocks
(polyamines, silica octamers, and phosphate ions) is used in a vacuum
(d) to create the initial configuration for the simulations in water (e).
After 40 ns, the phosphate ions are also dispersed in water as for ¢,
butalso, in this case, a mostly intact polyamine-octamer aggregate
remains, in clear contrast to the simulations with silica dimers, see
Fig. 4

The clusters containing octamers are formed in vac-
uum within few nanoseconds MD simulation, see Fig. 5b,
e. In the case of the pre-aggregated initial condition, the
silica precursors are distributed around the core of poly-
amine and phosphate ions. While in the case of random
distribution, the aggregate is a mix of all components.
Once the clusters are formed, we can again test their sta-
bility in solution. Representative snapshots are reported
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in Fig. 5. Independently of how the organic—inorganic
aggregates were produced, we now see that even if some
octamers are solvated, a significant portion of them are
still part of the aggregate, which remains stable during
the simulation time (40 ns), see Fig. 5¢, f. Interestingly,
for both initial configurations, a large number of phos-
phate ions quickly leave the aggregate, while the LCPA-
octamer core shows a clear tendency to remain stable.

In order to characterize the obtained aggregates and
determine the dominant interactions, the average num-
ber of contacts between LCPAs and polysilicic acid/phos-
phate ions have been computed using the Gromacs utility
g-mindist [70] that calculates the number of contacts
among molecules within a specific cut-off (0.6 ns). In our
case, the number of contacts is divided by the total num-
ber of silica (180) or phosphate ions (180) and LCPAs
(20). The results are displayed in panels a) and b) of Fig. 6
for silica dimers and octamers, respectively. As shown in
Fig. 6a, the number of contacts between LCPA and silica
dimers decreases quickly to zero in both configurations
(see blue solid and dashed lines). This result confirms that
interactions between LCPA and neutral silica compo-
nents are not strong enough to keep the cluster together
during the simulation time (see also the movie Additional
file 1). In contrast, the number of contacts between LCPA
and phosphate ions (green solid and dashed lines) is the
only one significantly different from zero, resulting in the
pre-aggregated polyamine/phosphate cluster remain-
ing relatively stable during the simulation and the silica
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dimers quickly dispersing in the solution as we have pre-
viously mentioned.

Concerning now the case of silica octamers, the situ-
ation is considerably different. In Fig. 6b we see that the
number of contacts between LCPA and silica remains
significantly different from zero during the entire simula-
tion time (violet solid and dashed lines), while the num-
ber of LCPA/phosphate contacts tends to be reduced
(green solid and dashed lines), although the decay is
weaker than for the dimer case. More specifically, for
pre-aggregate initial conditions (see the dashed lines in
Fig. 6b), the number of contact increases in the case of
LCPA/octamer (dashed violet line), but decreases for
LCPA/phosphate (dashed green line). This trend suggests
that some octamers replace phosphate ions. In the case
of a random initial distribution, the number of LCPA/
octamer contacts remains stable (solid violet line) along
the simulation, while phosphate ions leave the cluster
(solid green line). This suggests that once LCPAs and
octamers are in contact, the configuration remains stable,
and we do not find any exchange between octamers and
phosphate ions.

These results show that van-der-Waals and hydro-
gen bond interactions between the silica precursors and
LCPAs are in themselves not enough to stabilize the
aggregates. Neutral precursors escape from the clusters
and get solvated. On the other hand, in the presence of
the charged silica octamers, the aggregates show a ten-
dency to be stabilized, at least during the simulation time,

20 F +

10

ot

average contacts per LCPA

—— random
---- preagregated

phosphate ions
B dimer
N octamer

time in ns

simulation time, but with a considerably slower rate

Fig. 6 Time evolution of the average number of contacts between LCPA and either phosphate ions or silica precursors. The solid lines always refer
to the random initial configuration while the dashed lines are related to the pre-aggregate initial configuration, see also Figs. 4 and 5 for reference.
Contacts with phosphate ions are shown as green lines. a Dimers and b Octamers are used as silica precursors in separate simulations. The data was
smoothed with a Savitzky—Golay filter [69]. The rapid decay in the average number of contacts between silica dimers and polyamines (a) reflects
the rapid dissolution of the aggregate in the aqueous environment. The weaker decay in the average number of LCPA-phosphate contacts in a

has most likely its origin in their mutual electrostatic interactions, which partly slows down the aggregate’s dissolution. In contrast, for the case of
octamers (b), the average number of contacts between polyamine and silica remains nearly constant over the whole simulation time, illustrating
the structural stability of the aggregates. However, the average number of contacts with the phosphate ions also decays as a function of the
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suggesting that Coulomb interactions play a primary
role in mediating the cluster stability. Our results are in
agreement with a recent work by Centi et al. [26] claim-
ing that the “neutral templating route” does not describe
the early stage of the biosilification mechanism, but the
ionic interactions among amines and silicates need to be
considered.

As mentioned in the Introduction, an interesting
observation in the experimental studies by Sumper
et al. [42] was the presence of a lag phase in the silica
precipitation process, which the authors associated with
the time-lapse needed for mono silicic acid to polymerize
spontaneously. A possible reason may be related to the
fact that polysilicic acid becomes negatively charged only
beyond a specific size (in our case from octamers on),
and this will enhance the possibility for strong electro-
static interactions with the protonated LCPA molecules.
Our simulation results presented so far point in a simi-
lar direction: only aggregates containing octamers show
a tendency to remain structurally stable in solution. This
is, however, not conclusive, since additional chemical
interactions not accessible through classical force fields
may play a role at the level of the charge-neutral species
(dimers to tetramers). The role played by these interac-
tions requires, therefore, a more in-depth inquiry. In par-
ticular, the hypothesized catalytic effect of polyamines [8]
in the early stages of silicic acid polycondensation, facili-
tating siloxane-bond formation between monosilicic acid
molecules, may play an important role and can only be
addressed within a quantum mechanical framework.

Clustering of amorphous silica nanoparticles mediated

by polyamines

From the previous discussion, it has turned out that,
within our computational framework, the electrostatic
interactions are by far playing the dominant role in deter-
mining the degree of structural integrity of the poly-
amine/phosphate ions/polysilicic acid aggregates. This
result neglects the potential role chemical reactions play
for the overall growth process. Newly formed chemical
bonds could stabilize even small clusters formed just for
a short time. As we can not address these interactions
with standard classical force fields, we will focus in this
section on clustering on longer length scales, involv-
ing larger silica nanoparticles. Here, we will assume that
smaller precursors arising from aggregation processes
involving polysilicic acid (on the length scales discussed
in the previous section) have already formed tiny amor-
phous SiOy nanoparticles. The relatively large surface
area of these particles results in multiple negative charges
at the relevant pH ~ 5.5. Based on these assumptions, we
investigate in the next step, the interaction of already pre-
formed amorphous SiO9 nanoparticles with LCPAs.
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Since both components in this setup are multiply
charged, the influence of the phosphate ions is less signif-
icant than during the early stages of aggregation. For this
reason, we will not address the influence of phosphate
ions, but only add a few additional chlorine ions to the
system to achieve overall charge neutrality in the simula-
tion box.

From the results presented so far in this study, we
know that the preformed clusters consisting of negatively
charged octamers, phosphate ions, and LCPAs can be rel-
atively stable in water. To ensure that clustering directly
in water is also possible, we started with a basic setup. In
a water filled box (7 x 6 x 4 nm) two spherical SiO; par-
ticles (NP1/NP2, d ~ 17 A) are placed with a distance of
3.5 nm between their centers of mass. Between the two
particles, a single LCPA is placed, as shown in Fig. 7a. At
the desired pH 5.5, the LCPA has nine positive charged
nitrogen atoms, and at the surfaces of the SiO; nanopar-
ticles are six negative charges. Three chloride ions were
added to make the box overall neutral. The overall system
consists of 16,992 atoms that we simulated for 20 ns.

In the simulation (see Additional file 3 and Fig. 7),
the LCPA is quickly attracted to one of the particles.
After 2.5 ns, the molecule is wholly wrapped around
one of the nanoparticles. The interaction is mediated
by a few electrostatic anchor points and van-der-Waals
interactions. The further dynamical evolution can be

Fig. 7 Building blocks used for the simulation of the interaction
between a polyamine chain and two silica nanoparticles. a Two SiO;
nanoparticles (d &~ 13 A) are placed around one LCPA molecule in a
water box (7 x 6 x 4 nm). b Snapshot of the emerging aggregate
configuration after a simulation time of 20 ns
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Fig. 8 Time evolution of the mutual separation of the three
components. The distances between the two SiO; particles (NP1,
NP2) as well as between each nanoparticle and the LCPA are
shown during a 20 ns simulation run. The center of mass is used to
measure the distance between the nanoparticles. For the LCPA, we
use the average distance of its atoms to the center of mass of the
corresponding nanoparticle. The near convergence of the three
distances after 15 ns reflects the formation of the aggregate shown
inFig.7

quantified by two quantities, which are shown in Fig. 8,
where we plot the average distance between the cent-
ers of mass of the silica nanoparticles and the average
distance of all atoms in the LCPA to the correspond-
ing nanoparticle center of mass. Introducing these two
quantities is necessary due to the structural flexibility
of the LCPA. For the next 6.5 ns, no changes are seen
until NP1 is, for the first time, sufficiently close to the
NP2/LCPA group. At this point, the electrostatic forces
are strong enough to affect the interaction between all
three components. This interaction is possible since the
charges on the LCPA are only partially compensated
by the first SiOy particle. Between 14 and 16 ns, the
molecule shifts more towards the NP1, and the system
remains in this configuration for the remaining part
of the simulation. In this basic setup, we observe fast
clustering as soon as the components of the system are
brought close enough together. Therefore, diffusion was
the limiting factor in this simulation.

After we have established that clustering is possible,
the interaction of multiple LCPAs with silica nanoparti-
cles in the same system was investigated. To increase the
number of components in our simulations while using a
reasonable amount of computational resources was just
possible by using a very high concentration of the raw
elements. This high concentration reduces the distance
the building blocks need to overcome before meaningful
interactions can occur, therefore reducing the necessary
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simulation time significantly. The smaller box size also
resulted in a lower number of water molecules.

In the first setup of this kind, 16 LCPAs are mixed
with a variety of 24 SiO particles (d ~ 10— 20 A). These
building blocks are immersed in water in a cube with an
edge length of 8 nm (see Fig. 9a). The charge difference
of 89 e was compensated with chloride ions. Overall the
system contains 49 606 atoms and the simulation was run
for 62.8 ns. In a simulation with a large number of silica
nanoparticles, an average distance loses its significance to
represent the system. Instead, in the following, we track
the size evolution of the newly formed clusters. A cluster

Fig. 9 Aggregation behavior of a polyamine-silica nanoparticle
ensemble. a Snapshot of the initial configuration of 24 SiO»
nanoparticles (gray; d ~ 10—20 A) with 16 LCPA molecules (green)
in a 8 nm cube of water. b Snapshot of the final stage of the system
after 63 ns. The supercell used is highlighted with a white square
surrounded by repeating neighboring supercells to visualize the
periodic boundary conditions used in the MD simulations
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is defined by a cutoff of 2.8 A between the center of two
adjoined atoms of different building blocks.

For every analyzed frame, the clusters were identi-
fied by extending next-neighbor searches. In Fig. 10 the
results of this simulation are displayed. After the first
5 ns, nearly all available atoms are incorporated in a
newly formed cluster. This fact remains unchanged for
the rest of the simulation. The time evolution of the larg-
est cluster in the system shows more detail in compari-
son. In the beginning, many small clusters exist that grow
steadily by adding smaller clusters with just a few build-
ing blocks. As time goes on, nearly all available atoms are
integrated into two to three large clusters. With a more
substantial size, the successful combination of two clus-
ters becomes more challenging. This temporary conver-
gence of two large clusters results in sharp changes in
the size of the largest one. An additional hurdle is the
reduced mobility of the cluster due to the larger mass.

While the system with 16 LCPAs is already signifi-
cantly larger than the basic setup from Fig. 7, it suffers
from some limitations related to the limited box size and
high concentration of the components. After the simu-
lations, the final clusters connect to themselves over the
box boundary surfaces (see Fig. 9b). These interactions
could distort our results due to an additional constraint
that will be entailed on the clusters. Therefore, in the
second extended system we expanded the edges of the
simulation box to 20 ns (see Fig. 11a). With more than
15 times the available volume, we can now simulate 120

ratio of incorporated atoms in %

——all clusters
B largest cluster

0 10 20 30 40 50 60

time in ns
Fig. 10 Ratio of incorporated atoms over time—nanoparticle
simulation The black line shows the ratio between all atoms in
building blocks that are incorporated into a cluster compared to the
number of atoms in the initial 40 building blocks (16 LCPA, 24 NP).
The development of the largest cluster is shown by the blue area. A
building block is counted as a member of a cluster if it is closer than
2.8 Atoit. The simulation setup is shown in Fig. 9
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Fig. 11 Aggregation behavior of a larger polyamine-silica
nanoparticle ensemble. a Snapshot of the initial configuration of
360 SiO; particles (gray; d &~ 10 — 20 A) with 120 LCPA molecules
(green) in a 20 nm cube of water. b Snapshot of the final stage of the
simulation after 47 ns. The supercell used is highlighted with a white
square surrounded by repeating neighboring supercells to visualize
the periodic boundary conditions used in the MD simulations

LCPAs and 360 SiOy particles together. In this compo-
sition, a charge difference of 255 e was canceled out by
chloride ions. For 47 ns 771,372 atoms were simulated. In
Additional file 4, the simulation is displayed color-coded.
Depending on the last cluster a building block belonged
to, it is assigned a color. This assignment makes it easier
to follow the development of the final clusters.

Figure 12 displays the evolution of the generated clus-
ters for the extended setup. In the beginning, free build-
ing blocks are incorporated fast into the clusters. After
5 ns just 5 % of all atoms are still available in the free
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Fig. 12 Ratio of incorporated atoms over time—extended
nanoparticle simulation The black line shows the ratio between all
atoms in the building blocks that are incorporated into a cluster
compared to the number of atoms in the initial building blocks
consisting of 480 components (120 LCPA, 360 NP). The five biggest
clusters are stacked with the largest cluster on top in yellow and the
fifth largest cluster at the bottom of the stack in violet. A building
block is counted as a member of a cluster if it is closer than 2.8 A to it.
The simulation setup is shown in Fig. 11

components. Around the same time, the nearly linear
growth of the five most significant clusters ends. After
the initial phase that was driven by the incorporation
of free building blocks, the growth is now bound to the
interaction of the clusters themselves. This change can
also be observed by the now sharp changes in the size of
the tracked top five clusters in Fig. 12. As stated earlier,
the combination of multiple clusters into a new larger
one is hindered by the slower diffusion and the more
limited number of adequate anchoring points. Despite
these challenges, after 20 ns around 50 % of the avail-
able atoms are already incorporated into the five largest
clusters. By the end of the simulation, this number grows
to 78 %, demonstrating that the clusters are further sta-
bilized. Figure 11b also demonstrates the fact that nearly
all building blocks are included in a cluster at this point,
as we find the areas between the now formed clusters
empty. The shape of the main final clusters is approxi-
mately cylindrical with a length of 8 nm to 18 nm and a
diameter between 2 nm and 4 nm.

Even this large simulation box introduces some arti-
facts that we would not expect in a more realistic sce-
nario. In our simulations, the cluster starts to form a
network-like structure. While thin water layers still
separated the clusters, they clearly influence each other.
Due to the nature of the periodic boundary conditions,
these interactions equally distribute over the simulation
space. Without this condition, the formation of a single
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spherical cluster would be expected based on the random
attachments of new components. In a lower concentra-
tion setup, where the precursors would be replenished
continuously, the linear growth of the clusters, like we see
at the start of the simulations, would be more dominant.
Also, the cluster—cluster interactions would play a less
significant role.

Conclusions

We have carried out all-atom Molecular Dynamics sim-
ulations of the aggregation behavior of polyamines with
phosphate ions and with various types of silica precur-
sors. Concerning the aggregation of LCPAs in solution
in the presence of phosphates, our results show that at a
critical phosphate concentration of [Pi]/[a.g.]T = 1.0 the
LCPA clusters display a tendency to remain structurally
stable in an aqueous environment. Below this concentra-
tion, the solvation of phosphate ions by the water mol-
ecules dominates the dynamics, so that the aggregate
fully dissolves. This behavior as a function of the Pi con-
centration points at the increasing role of electrostatic
interactions with increasing Pi concentration, and it is
in qualitative agreement with experimental results, see
e.g., [2, 65]. However, a too large ionic concentration may
jeopardize the structural stability of the aggregates due to
an increase in the electrostatic repulsion forces. Moreo-
ver, our simulations also reveal, besides the Coulomb
interactions, the existence of a hydrogen bond network
across the phosphate ions, which also supports the con-
clusions of Ref. [38]. In the presence of polysilicic acid,
the behavior of the aggregates upon immersion in aque-
ous solution is different for electrically neutral (dimers,
tetramers) and negatively charged (octamers) species.
For the former, the polyamine-silica aggregates rapidly
dissolve in water after only a few nanoseconds simula-
tion time. On the contrary, the aggregates built with the
octamers mostly kept their structural integrity over the
whole simulation time. This result shows again the domi-
nant role played by electrostatic interactions in control-
ling the structural stability of the system. Hydrogen bond
and van-der-Waals forces, dominant in the case of dimers
and tetramers, do not seem strong enough to avoid the
dissolution of the aggregates in water. To move one step
further, we addressed in the second part of our study the
aggregation of larger negatively charged silica nanopar-
ticles mediated by LCPAs. Here, a clear tendency was
found, showing the merging of many small clusters into
only a few larger ones during the simulation time. These
larger aggregates remain structurally stable over the
time windows addressed by our simulations. In this case,
the aqueous environment does not play any significant
role in influencing the stability of the aggregates, which
may be related to the full dominance of electrostatic
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interactions. These results are also in qualitative agree-
ment with in vitro experiments [2] and highlight the
potentially catalytic and stabilizing effect of LCPAs in
biosilica aggregation.

Our simulations provide atomistic insight into the
potentially dominant interactions in the early stages of
biosilica formation. One major open problem, which can-
not be addressed by classical molecular dynamics simu-
lation approaches, is the very initial stage of silicic acid
polycondensation, an issue related to the hypothesized
role of polyamines in the formation of silica dimers via
a proton exchange mechanism [8]. This effect, as well as
bond formation, may play a role at the level of LCPA-
dimer and LCPA-tetramer interactions; their treatment
requires, however, a quantum chemical approach that
goes beyond the scope of the present work.

Finally, we remark that a genuinely multi-scale
approach to biosilica morphogenesis is still at its infancy.
It will require the development of computational strate-
gies to identify and transfer relevant physico-chemical
information from the atomistic scale, as e.g., presented
in the current study, to methodologies based either on
strongly coarse-grained molecular dynamics or con-
tinuum models able to describe the time evolution and
formation of biosilica patterns in diatoms or the more
general context of biomineralization. In this respect,
novel approaches involving machine learning techniques
[71, 72] may prove to be of invaluable help in optimizing
the related computational effort.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/542833-020-00012-z.

Additional file 1. Solving random dimer cluster in water. Simulation of

a pre-aggregated cluster composed of ninefold protonated polyamines,
negatively phosphate ions, and electrically neutral polysilicic acid dimers
upon immersion in agueous environment. The aggregate quickly destabi-
lizes (within the first 10 ns) and finally fully dissolves in water.

Additional file 2. Solving random octamer cluster in water. Simulation of
a pre-aggregated cluster composed of ninefold protonated polyamines,
negatively charged phosphate ions, and negatively charged polysilicic
acid octamers upon immersion in agqueous environment. Although during
the first nanoseconds of the simulation most of the phosphate ions (red)
and few octamers (gray) detach from the aggregate, it nevertheless largely
preserves its structural integrity after 40 ns simulation time.

Additional file 3. Clustering of a single LCPA with two silica nanoparti-
cles in water. Simulation of two SiO, particles (d & 17 A) with one LCPA
molecule in water for 20 ns. Already after 10 ns the system clusters due
to the strong electrostatic interactions between the ninefold protonated
moleculae and the negatively charged nanoparticles.

Additional file 4. Large scale aggregation of LCPA and silica nano-
particles. Simulation of 360 SiO, particles (d & 10-20 A) with 120 LCPA
molecule in water for 47 ns.
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