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Phase Separation of Oppositely Charged Polymers Regulates

Bioinspired Silicification

Hang Zhai, Tatyana Bendikov, and Assaf Gal*

Abstract: In nature, simple organisms evolved mecha-
nisms to form intricate biosilica nanostructures, far
exceeding current synthetic manufacturing. Based on
the properties of extracted biomacromolecules, polyca-
tion—polyanion pairs were suggested as moderators of
biosilica formation. However, the chemical principles of
this polymer-induced silicification remain unclear. Here,
we used a biomimetic polycation—polyanion system to
study polymer-induced silicification. We demonstrate
that it is the polymer phase separation process, rather
than silica—polymer interactions, which controls silica
precipitation. Since ionic strength controls this electro-
static phase separation, it can be used to tune the
morphology and structure of the precipitates. In situ
cryo electron microscopy highlights the pivotal role of
the hydrated polymer condensates in this process. These
results pave the road for developing nanoscale morphol-
ogies of bioinspired silica based on the chemistry of
liquid-liquid phase separation. )

Introduction

Nanostructured silica is a widely used material, with
applications in food industries, paints, catalysis, and bio-
medical materials.!"! This is due to its high chemical stability,
negligible cytotoxicity, and good biocompatibility. To meet
the production requirements, a large number of synthetic
techniques have been developed in recent decades. For
instance, fumed silica is widely used in industry, but the
harsh reaction conditions and high energy requirements
restrict its applications in the current energy and environ-
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mentally conscious society? The classical aqueous ap-
proaches, e.g. the Stober sol-gel method, use toxic alkox-
ysilanes (Si(OR),) as silica precursors and require organic
solvents under highly basic conditions® In addition, the
available synthetic techniques have only limited control over
the morphologies and\or composition of the silica products,
which further limits their practical applications.”!

In contrast, organisms synthesize silica under mild
conditions, which provides inspiration for new routes for
silica production.” Among the bio-silicifying organisms,
diatoms attract the most attention due to their sophisticated
silica cell-walls with 3D geometrical patterns.*®! Studies on
diatom biosilica led to the discovery of silaffins (proteins
with high silica affinity) which can trigger the precipitation
of silica in vitro and control their morphologies.”” In the
silaffin sequences, the hydroxyl amino acids and serine
residues are phosphorylated, and the lysine residues are
modified with long-chain polyamine (LCPAs) moieties.!"”
The silica-precipitating activity of silaffins crucially depends
on these post-translational modifications as dephosphory-
lated silaffins are unable to induce silica precipitation in
vitro.'%" Tn addition, silaffins without LCPAs, such as the
native silaffin-2 (a negatively charged phosphoprotein),
completely lose their silica-precipitating activity.'? Only
addition of the polycations (e.g. native silaffin-1A or
LCPAs) induces silica precipitation.''” These findings
highlight the importance of both polycationic (LCPAs) and
polyanionic (phosphoproteins) moieties in diatom biosilicifi-
cation processes.

Inspired by the various macromolecules found in diatom
silica, many synthetic polymers were used in numerous
attempts to synthesize bioinspired silica.'” The conceptual
framework to understand the role of the polymers in these
reactions varied from a role for the positively charged
groups along the polymer chain in bringing silicon mono-
mers close enough for further condensation to the formation
of nanoscopic hybrid particles that are made of silica and
polymers.['*!" 314 Importantly, the physical phenomenon of
phase separation was invoked several times as a possible
regulator of biological and bioinspired silicification.'>2 It
was suggested both as a morphogenesis process to yield the
delicate nano-patterning of diatom silica, and as a chemical
process that drives the system into reactive chemical phases.
However, without a clear understanding of the players and
conditions that cause phase separation, these ideas are too
vague to establish a practical working scheme. In parallel
scientific disciplines, liquid-liquid phase separation (or
coacervation) processes have been shown to play important
roles in biology and chemistry. During biological processes,
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liquid-liquid phase separation have been shown as a strategy
to compartmentalize chemical reactions and protect cellular
materials.” ) In chemical syntheses, coacervate-directed
crystallization was achieved.?*>*

In this work, we used synthetic polycations and poly-
anions, as well as an aqueous silica source, to investigate
bioinspired polymer-induced silicification under mild con-
ditions. We show that each polymer alone stabilizes soluble
silicon, whereas polymer mixtures induce silica precipitation.
The formation of distinct silica morphologies could be
achieved by controlling the process of polycation—polyanion
phase separation. These results suggest that polycation—
polyanion phase separation functions as the initial step in
the silicification process, and that the sensitivity of the dense
phase to ionic strength further affects the nanoscale
morphologies of bioinspired silica.

Results and Discussion

We chose two widely used polymers, poly (allylamine
hydrochloride) (PAH, Mw~50 kDa) and poly (acrylic acid)
(PAA, Mw~=15kDa), to serve as model polycation and
polyanion (Figure S1). The silicon source, soluble silicic acid
(Si(OH),), was obtained through dilution and acidification
of a sodium silicate ((NaOH),(Na,SiO;),z H,0) solution.
This silicon source can better represent natural silicon
sources than the widely used alkoxysilanes that catalytically
break into soluble silicon and organic solvents. The experi-
ments were conducted at pH 5.0 since it is estimated to be
the physiological pH during biosilicification.

Aggregation of the polymers was evaluated by dynamic
light scattering (DLS) before studying polymer-induced
silicification. No particles were detected in 5 mM PAH or
PAA (Figure 1a), that is, the soluble polymers do not
significantly scatter light. Under low Si concentration
(10 mM, ¢=0.71 with respect to amorphous silica, ¢ is the
supersaturation index, Table S1), a 4-day induction period
was needed for the formation of growing silica colloids in
the absence of the polymers. On the other hand, the
presence of either polymer led to the immediate formation
of stable nanometer size clusters that do not coalesce to
form a gel (Figure 1b). At a higher Si concentration
(100 mM, 0=1.73), silica gelation occurred within few hours
in the absence of the polymers (Figure 1c). The addition of
the polymers slowed down the process, with PAH showing a
relatively higher stabilizing effect of the silica sol, compared
to PAA (Figure 1d). Nevertheless, after 48 hours, silica
hydrogel formed in all of these samples (Figure le). In
contrast to the concentration-dependent interactions be-
tween each polymer and silicon, when both PAH and PAA
were added to the soluble silicon solution, the result always
was the immediate formation of stable colloids (Figure la—
c). Irrespective of Si concentration, the colloids that formed
in the presence of the two polymers had distinct macroscopic
texture (Figure 1d), and microscopic particulate morphology
(Figure 1e), suggesting that the single PAH or PAA function
as inhibitors of the sol-gel process, but the presence of both
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Figure 1. a)—c) Kinetics of polymer—silica and polymer—polymer precip-
itation detected by DLS measurements in solutions containing the
indicated concentrations of polymers and Si. See Figure S2 for raw DLS
data. d) Images of samples corresponding to panel (c) after 24 h,
showing the formation of silica-gel (5 mM PAA, blue), silica-precipitate
(5 mM PAH+5 mM PAA, purple), and a solution in a stabilized silica-
sol (5 mM PAH, red). e) SEM images of lyophilized precipitates of the
same samples after 48 h, showing a granular texture for the dried silica
gels (single polymer), and spherical particles in the presence of both
PAH-PAA.

of them together diverted the sol-gel process into a different
chemical pathway.

The particles that formed in the presence of the two
polymers and Si are dense, and better represent biosilica
than the single-polymer silica gels.”) Additionally, a previous
study of a similar system suggested that phase separation of
Si and the polycation molecules results in different morphol-
ogies of the final silica products.'¥! To study this notion in
detail, we divided the reaction sequence of the two-polymer
silicification into two: Sequence [ -PAH—PAA—Si (allow-
ing PAH to react with PAA first and then adding soluble
Si), and Sequence II-PAH—Si—PAA (mixing PAH with
soluble silicon and then adding PAA) (Figure 2a). Examin-
ing the precipitates of all stages of Sequencel with a
scanning electron microscope (SEM) showed spherical
particles, irrespective of the silicic acid concentration, which
is in agreement with the DLS results (Figures 1b,c). This

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh Research Articl Angewandte
esearc icies tnternat Chemie
a : ____________ 1 PAH Sequence II1
| —0
1 High salt i
" @ @ 2& : No precipitates +NaCl Low salt igh sal Ultrahigh salt
: Sifimes TR o s [ Sequence IT No precipitates| |No precipitates| | No precipitates
2 species 1
+PAA +Si l‘fPAA
Low Si High Si 6 9 =i
3 | =i
o=
INo precipitatesf| | No precipitates| No precipitates 2
|
1+PAA +Si
No precipitates —2
A 4

[
No:  SHpES e omcomponeni(l No. — — — Solution components (M) _ _ _
[PAH]  [PAA] [Si(OH),] [Na*] [cH [PAH]  [PAA] [Si(OH)] [Na1 [CH
1 PAH—PAA 5 5 0 57 54 6 PAH—NaCl (low)—»PAA 5 5 0 132 129
2 PAH—PAA-SI (low) 5 5 10 135 117 7 PAH—NaCl (low)»>PAA—-SI (low) 5 5 10 210 19.2
3 PAH—PAASSI (high) 5 5 100 832 778 8 PAH—NaCl (low)»>PAA—Si (high) 5 5 100 907 853
4 PAH-SI (low)»>PAA 5 5 10 13.5 1.7 9 PAH—NaCl (high)»PAA 5 5 0 80.7 804
5 PAH—-Si (high)>PAA 5 5 100 83.2 77.8 10 PAH—NaCl (high)>PAA—Si (low) 5 5 10 885 86.7
(pH 5.0, 25 °C, o[Si (low)] = 0.71, o[Si (high)] = 1.73) 11 PAH—NaCl (high)—~PAA—Si (high) 5 5 100 157.9 152.8

Figure 2. a) A scheme illustrating the reaction sequences. Each step that yields visible precipitates has a numerical label that is used throughout
this manuscript. b) SEM images showing the morphologies of collected samples after centrifugation and lyophilization. c) Nominal concentrations
of the components under each experimental reaction. Note that Na and Cl ions originate from the polymer and silicon stock solutions, as well as

from the addition of NaCl and pH adjustment.

suggests that the morphologies of Sequence I precipitates
are independent of Si concentrations. In contrast to
Sequence I, Sequence II yielded precipitates only after add-
ing PAA (the PAH-Si colloids were stable from aggrega-
tion, Figure 1c), and Si concentrations changed the morphol-
ogies of the precipitated silica from coalescent agglomerates
at the low Si concentration, to networks at the high Si
concentration (Figure 2b). It is important to note that we
did not observe a clear hexagonal pattern as was previously
proposed for similar sequence pair.'"® Altogether, these
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results confirm that the reaction sequence affects the
morphologies of the final precipitates.

A possibly overlooked difference between Sequence I
and II is the conditions at which liquid-liquid phase
separation of the two polymers occurs. In Sequence I, the
polymers interact at low ionic strength, whereas in Sequen-
ce II, because of the added silicic acid solution, the polymers
interact at a much higher ionic strength. We investigated the
effect of ionic strength on the morphology of the final
precipitates by creating Sequence III—-PAH—NaCl—
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PAA—Si. In Sequence III, different concentrations of NaCl
are added to the PAH solution, yielding various ionic
strength conditions under which PAH reacts with PAA. We
added “low” (7.5 mM) and “high” (75 mM) NaCl concen-
trations, corresponding to the ionic strength of the two Si
concentrations that were used in Sequence II (Figure 2c).
Surprisingly, even though silicic acid was added at the end,
as in Sequence I, the morphology of the precipitates of
Sequence III was very similar to Sequence II. Importantly,
the coalescent agglomerates and networks were observed
once the polymers phase separated to form dense phases,
even before silica addition (Figure2b). Adding soluble
silicon for silicification after phase separation did not
influence their morphologies (Figure 2b). We surmise that it
is the PAH-PAA phase separation rather than silicification
that determines the final morphologies of the precipitated
silica. This notion is further supported by the fact that
increasing the [NaCl] to 3 M, a concentration that allows
complete mixing of the polymers, so phase separation is
inhibited (Figure S3), no silica precipitation was observed
within the 2 h of the experiment (Figure 2a). This observa-
tion suggests that phase separation is a prerequisite for the
silica-precipitating function of the polymers.

We used X-ray photoelectron spectroscopy (XPS) to
quantify the elemental compositions on the surface of the
dried silica precipitates. All samples consist of C, O, N, Si,
Cl, and usually Na (Figure 3a, Table S2). Intensities of
nitrogen and carboxylic carbon peaks were used to quantify
the concentrations of PAH and PAA, respectively, and then
the mole ratio of Si to total polymer (PAH+PAA) (Fig-
ure 3b). At the low Si concentration, this ratio is ~0.1 and
similar between all Sequences, indicating a dominant
organic fraction in the dense phase. At the high Si
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concentration, Sequence II and III are more silicified than
Sequence I, reaching a molar fraction of about 1:1 between
Si and organic functional groups. This suggests that both
higher Si concentration and phase separation that occurs
under high ionic strength results in more efficient silica
precipitation.

We complemented the XPS analysis that shows surface
content with two bulk analyses. First, the total amount of
precipitated silica was quantified by measuring Si concen-
tration after complete dissolution of the precipitates. This
showed that higher Si concentrations in the medium are
roughly linearly correlated to higher silicification efficiency
(Figure 3c). We further performed thermogravimetric analy-
sis (TGA) that can relate the ratio between the organic and
inorganic fractions of the precipitates (Figure 3d). These
analyses confirmed that Si content is varying between 20 %
and 50 %, in agreement with the XPS results. These results
suggest that in contrast to the morphology that is mostly
affected by the polymer phase separation, the composition
of the dried precipitates is primarily dictated by Si concen-
tration. In addition, allowing PAH to react with soluble
silicon first (Sequence II) results in the highest efficiency of
precipitating silica.

Investigating dried reaction products with imaging and
analytical techniques is the most straightforward approach
to study aqueous silicification. Nevertheless, the similar
morphologies that were observed even without any added Si
(Figure 2), prompted us to hypothesize that drying might
affect the observed morphologies. In order to investigate the
native-state structure in situ, the reaction solution was
vitrified on a transmission electron microscope (TEM) grid
and observed using cryo-TEM (Figure 4a). Surprisingly, the
images show that the primary structure of all precipitates is
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al Nais Nis sizp boz2o C25 d1oo
Z 3 7 01 20 580
s & = &
= =z Z ] A £ 60
n 2 E 0.10 o 2
= s £ 1 8101 240
o £10.05 5 20
ZR T N2, .
1075 1070 400 105 100 000 A 5 0 7 = 0 200 400 600 800
Binding energy (eV) Sample No. Sample No. Temperature (°C)
Na1s Nis Si2p 20 160 i
s
E 3 A 215 120 |
s i | - !
S AR 1! g I I © ; I
[ 10 < 80
= 8 5 & 2
T E s
Jwiwiegl s : :
2 3 o
1075 1070 400 105 100 0073 3 11 0 2 11 0 200 400 600 800
Binding energy (eV) Sample No. Sample No. Temperature (°C)

No. 2 Sequence I (low Si)

e No. 3 Sequence I (high Si)

e No. 5 Sequence II (high Si)

Sequenc III (low Si)

e No. 11 Sequence III (high Si)

Figure 3. Chemical composition of the Si-containing precipitates. a) High-resolution XPS spectra of the Si 2p, N 1s, and Na 1s regions collected
from samples with 10 MM and 100 mM Si. b) Si to total polymer (PAH + PAA) mole ratios derived from XPS data. See Table S2 for detailed
elemental compositions. c),d) Bulk composition analyses of total extracted Si (c) and TGA (d, inserts show the inorganics weight fraction).
Reaction conditions can be found in Figure 2c according to the sample labels.
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Figure 4. a) Cryo-TEM images revealing the native-state of the polymer and silica precipitates. Reaction conditions are identical to Figure 2 (using
the same color code and numerical labels). b) Particle sizes obtained from the TEM images analyses (N =100 for each sample).

of dense spherical particles within a dilute matrix. The
difference between the various Sequences is in particle size,
where high ionic strength leads to the formation of larger
particles irrespective of the stage at which Si is introduced
(Figures 4b and S4).

The influence of hydration level and composition on the
differences between the Sequences is manifested by the
behavior of the dense particles under the electron beam.
After 120s of irradiation at cryo conditions, Sequence |
particles were stable under the beam, whereas at the same
irradiation conditions pores formed inside the Sequence III
particles (Figure 5). We relate this difference to higher
hydration level of Sequence III particles, which sublime into
porous structures. Our reasoning is further validated by
images of ex situ dried samples (similar to the SEM
imaging). These room temperature TEM images show that
dried Sequencel particles are still in the form of dense
spheres, whereas dried Sequence III particles show net-like
mesostructures (Figure 5). We conclude that the morpho-
logical differences between the native structure (cryo-TEM,
Figures 4, 5) and dried structure (SEM and TEM, Figures 2,
5) is due to the drying procedure that involves centrifugation
and lyophilization.

To test whether the influence of polymer phase separa-
tion on silicification is a universal phenomenon, we replaced
PAA and PAH with phosphate ions and branched poly-
ethyleneimine (PEI, Mw~750kDa, Figure S1), yielding
three new pairs of oppositely charged molecules: PAH-
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cryo-TEM TEM
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Sequence III

500 nm
—

Figure 5. Morphological changes upon dehydration of the polymer
dense phases. The effect of irradiation at cryo-TEM on the polymer
dense phases of Sequence | (No. 1) and Il (No. 9) (left and middle
panels) showing that Sequence Ill particles dry into porous structures.
Conventional TEM images of the corresponding air-dried samples
(right panels) confirm that Sequence Ill particles have net-like meso-
structures. Note that in contrast to SEM samples, the TEM samples
were not centrifuged and washed, thus condensation and particle
fusion were inhibited, leading to smaller and distinct particles.

phosphate, PEI-PAA, and PEI-phosphate. Similar silicifica-
tion experiments were conducted and morphologies of dried
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precipitates were examined. All different pairs show a
similar behavior to the initial PAH-PAA pair: at low ionic
strength the precipitates are spherical particles and at high
ionic strength they are networks, regardless of the extent of
silicification (Figure 6). Even though the trend is similar,
each pair required a calibration of the ionic strength
conditions that result in each morphology (concentrations
used in the experimental reactions are shown in Tables S3
and S4). For the PAH-phosphate pair, higher NaCl concen-
tration is needed for inducing the change from silica spheres
to networks, whereas a lower NaCl concentration is needed
in the PEI-PAA system, necessitating “salting out” of the
polymers with dialysis (see Experimental Section). These
differences in ionic strength values can be explained by the
stronger electrostatic interactions of phosphate\PAH com-
pared to PAA\PEI (see charged species distribution, Fig-
ure S5), requiring more salt to weaken the reactions
between PAH and phosphate. In other words, charge
attraction between PEI and PAA is the weakest, leading to
the formation of spherical coacervates at the lowest ionic
strength, and interactions between PAH and phosphate are
the strongest, requiring the highest ionic strength to produce
networks. Thus, the stronger electrostatic attractions be-
tween polycations and polyanions lead to the formation of
spheres and the weaker binding contributes to the formation
of the networks.

Low ionic strength
[Si(OH),] = 100 mM
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Nanopatterning of inorganic materials is a challenging
nanotechnological goal, and the ability of organisms to
sculpt such materials with species-specific fidelity has been a
rewarding inspiration source.” In the case of silica pattern-
ing, both in vivo and in vitro, liquid-liquid phase separation
has been proposed to play crucial roles.'*!"! However, the
scientific attention was focused on the interactions between
the Si precursors and polymers.'"1>1231 Here, we show
that an initial phase separation of oppositely charged
polymers followed by subsequent silicification is the mecha-
nism underlying the mineralization process. This is evi-
denced by the similar morphologies of polymer precipitates
with and without silica (Figure 2), demonstrating that the
polymer dense phase serves as a facilitator of silicification.
Furthermore, in situ characterization by cryo-TEM shows
the primary structure of these dense phases and their
sensitivity to ionic strength (Figures 4 and 5). Altogether, we
propose a new working hypothesis for silicification control
that is regulated by properties of polymer dense phases
during liquid-liquid phase separation.

Tonic strength, in addition to other chemical and physical
properties, is a key parameter in liquid-liquid phase
separation of oppositely charged polymers.?>**>* High ionic
strength leads to charge screening and weakening of the
electrostatic interactions, giving rise to more hydrated and
less dense polymer condensates.’ Therefore, different
morphologies of dried silicification products that were

High ionic strength
[Si(OH),] =0 mM [Si(OH),] = 100 mM

Figure 6. SEM images of the precipitates induced by various polymer pairs under low and high ionic strength conditions, with and without the
presence of Si. Spheres and networks formed at the low and high ionic strengths irrespective of the presence of silica sources.
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observed earlier™ and in this study, reflect foremost the
effect of drying a highly hydrated hybrid structure, rather
than differential interactions of silica precursor with the
different polymers. The more hydrated the dense phase is in
solution, the higher the tendency of its native spherical
shape to transform into networks upon drying (Figure 5).
Besides the morphological regulation, phase separation that
occurs under different ionic strength conditions affects silica
content and composition. Sequence II yields the highest Si
content (Figure 3).

Mineralization based on polymer phase separation could
be a general approach for material synthesis, as the liquid-
like polymer dense phases have the potential to adopt
engineered morphologies and compositions.”****"! However,
the degree of mineralization can be the most challenging
aspect of this approach. In our crude model system, we
produced hybrid materials with a maximum of ~50 % silica
content. It is possible that tailored reaction conditions and
other polymers will be able to enhance silicification degree
to around 90%, which is similar to biosilica.®™ In this
context it is interesting to note that previous bioinspired
silicification products reported in the literature were rarely
characterized for their silica fraction, and for the reported
data silica content varied from 20 % to 80 %.*"

Our findings also suggest a fresh view on the mechanism
underlying the biological silicification of diatoms. Diatoms
take up and accumulate stabilized intracellular Si in the
range of hundreds of mM,*! strongly exceeding silica
saturation in dilute solution ([Si(OH),] ~2mM), and
control its polymerization inside dedicated organelles.”! In
our in vitro experimental system, PAH stabilized similar
concentration of Si from gelation (even though for time
periods of only days, Figure 1c), and the polymer dense
phase serves as a host for silicification in a way that can be
analogous to the silicifying organelle. In a wider perspective,
it is possible that the widespread correlation between
polycationic polymers and biosilica formation is related to
the need to concentrate and stabilize Si, and the role of the
negatively charged proteins is to transform the polycation-
stabilized Si into a polymer dense phase that facilitates silica
polymerization. Another dominant example are sponges, a
group of silicifying organisms, in which LCPAs are present.
Nevertheless, sponge silicification may fundamentally differ
as silicateins, enzymes that catalytically condense silica, are
pivotal.*>#!

Conclusion

Inspired by the zwitterionic macromolecules found in
diatom biosilica, we established a biomimetic polycation—
polyanion—-soluble silicon system for studying polymer-
induced silicification. The results show that it is the ionic
strength during polymer phase separation that controls the
morphology and composition of the silica products. There-
fore, polymer phase separation functions as an initial step-
promoting silicification, and the properties of the polymer
dense phase can be used to control the nanoscale morphol-
ogies and compositions of bioinspired silica. In the future, it
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will be important to elucidate the chemical mechanism that
enables the transition from the soluble silicon to the
inorganic mineral phase within polymer dense phases.
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