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1. Introduction

In situ transmission electron microscopy
observations of CaCO5 crystallization onto
polysaccharide-coated nanoparticles

@ Biao Jin, @€ Yuna Bae, @°

d and Patricia M. Dove

Brenna M. Knight,
James J. De Yoreo *abef

Polysaccharides and proteoglycans are widely associated with the organic matrix at sites of CaCOs
biomineralization, and previous studies indicate that these macromolecules may confer greater roles in
mineral nucleation than previously recognized. This investigation uses in situ liquid-phase transmission
electron microscopy (LP-TEM) to observe CaCOsz nucleation onto aminated silica (SiO>~NH3")
nanoparticles treated with a layer of chitosan (near-neutral derivative of chitin) or heparin (a carboxylated
and highly sulfated glycosaminoglycan). In the absence of polysaccharides, few CaCOs particles formed
and exhibited mobility. However, the SiO,-NHz* nanoparticles were enveloped in a region of higher mass
density relative to the bulk solution, suggesting the development of a local solute-rich environment that
surrounds the charged NHz* groups. The heparin- or chitosan-coated silica particles also exhibited regions
of higher mass density around the nanoparticles. In the presence of these polysaccharide coatings, we
observed the nucleation of abundant CaCOs particles whereby the polyanionic heparin promoted more
nucleation than the weakly cationic chitosan. Many crystallites appeared to form at the polysaccharide-
TEM cell membrane-solution interface, further indicating interfacial and macromolecule-specific control
on crystallization. The combined results demonstrate that chitosan and heparin have an appreciable effect
on the timing, size, and location of CaCOs nucleation compared to the polysaccharide-free nanoparticles.

systems, where nanoscale interphases associated with organic
matter and mineral surfaces can influence carbonate scaling

During biological crystallization, the organic matrix
modulates the timing and placement of biominerals to form
unique biocomposites. Macromolecules confer much of this
activity."® In CaCOz-forming systems, the organic matrix
often contains chitin and anionic biopolymers (e.g., SO; and/
or COO~ functionalized) alongside specialized proteins."”*?
However, a  mechanistic  understanding of how
macromolecular properties translate to control over CaCOj;
nucleation and subsequent growth and phase transformation
processes is not yet resolved. Insight into where and how
CaCO; nucleation occurs within organic interfacial
environments is also relevant to subsurface and engineered
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and the co-precipitation of critical rare earth elements.
Investigations of CaCO; nucleation onto chitosan materials
with varied degrees of sulfation demonstrated a relationship
between net charge, the position of functional groups, calcium
binding, and interfacial free energy (yne().**"> Parallel molecular
dynamics (MD) studies predict that Ca®>" interactions with
sulfated chitosans are solvent-separated by distances that
correlate with the degree of sulfation (0.5-1.2 nm).">° Model
results also indicate that nucleation is favored to occur at a
distance from the polysaccharide-water interface that correlates
with the position of solvation waters around functional groups
and Ca®".'>'®'® The concept that crystal nucleation can occur
away from a surface, but within the non-bulk diffuse layer, is
supported by recent studies using liquid phase in situ
transmission electron microscopy (LP-TEM). For example, an
investigation of CaCO; nucleation onto carboxyl-rich de novo
protein templates reported an ~1 nm separation between
nanocrystals and the protein substrate.® This distance is
consistent with the thickness of the hydration layer around
calcite,”™** further implicating solvation as a control on
nucleation. Also, an ~1 nm separation was observed between
new nuclei and existing particles in TEM studies of colloidal
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gold*® and hematite.** These experimental and computational
lines of evidence raise the question of where CaCO; nucleation
occurs within the substrate-solution interfacial environment for
polysaccharides such as chitosan. Using insights from our
previous experimental and modeling studies of calcite
nucleation onto sulfated and uncharged polysaccharides, we
hypothesize that CaCO; nucleation takes place away from the
polysaccharide surface at a separation distance that is
dependent on macromolecular and solution properties in the
interphase region/diffuse layer.

To test this hypothesis, we used in situ LP-TEM to image
real-time nucleation of CaCO; in the presence of the
polysaccharides. The technique allows observations of
crystallization processes at the nanometer to near-A scale.>*°
However, biomacromolecules are difficult to image by this
approach because of their low electron density,”’>° and
therefore, they present little contrast between the molecule
and the adjacent bulk solution. The low contrast is
exacerbated by the variable interphase region between the
bulk solution and the polysaccharide. The nature of this
region is dependent on solution composition (e.g., pH and
ionic strength) as well as biopolymer properties that include
net charge, charge geometry/configuration, and persistence
length (i.e., effective chain stiffness).**> We were able to
address some of the limitations by utilizing 20 nm aminated
silica nanoparticles (SiO,-NH;") as substrates for the
polysaccharides (Fig. 1A and inset). By this approach, the
silica-PS interface was better resolved in the TEM cell.

The experiments were designed to observe nucleation in
calcite-supersaturated solutions containing: (1) SiO,-NH;"
nanoparticles (nps); (2) SiO,-NH;" nps treated to have a
chitosan coating; and (3) SiO,-NH;" nps treated with
heparin. The chitosan and heparin polysaccharides were
chosen as models to represent macromolecules in the
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Fig. 1 Materials used in this study. (A) Aminated silica nanoparticles
(20 nm) were used as a control and subsequently coated with
polysaccharides; (B) chitosan; (C) heparin.
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organic matrix that present near-neutral (to slightly cationic)
and high net charge functional groups, respectively.

2. Experimental
2.1. Materials

The SiO,-NH;" nps (Fig. 1A, 20 nm,
nanoComposix) were used as a control relative to the
polysaccharide-coated materials. Each silica amine has a +1
charge (pK, =9-11) at the experimental pH (6.9-7.6) of this
study.>® This high net-positive charge corresponds to
approximately 2 NH;" groups per nm>.>*

The polysaccharide compositions were as follows. Chitosan
(Fig. 1B, sourced from Millipore Sigma, medium molecular
weight, 270 kDa (ref. 15)) is a chitin derivative in which a
fraction of the acetyl groups is converted to free amines.
Chitosan presents an interfacial environment with a relatively
low charge density, some hydrogen bonding, and thus a
relatively short persistence length (Kuhn length).>° Given that
these properties govern how polymers occupy the interfacial
region between the solution and substrate, this material has a
greater conformational freedom (relative to heparin) and can
be considered a weakly flexible biopolymer. The material had
a degree of deacetylation/degree of amination = 0.76 (by 'H
NMR") and an amine charge = +0.06 to +0.22 at pH 6.9-7.6
(PKa chitosan  ~6.5).>%° Therefore, the average charge per
monosaccharide on chitosan was =+0.05 to +0.17. Assuming
a surface area that is approximately equal to a glucose repeat
unit, we estimate that chitosan presents a low net positive
charge of ~+0.04-0.13 charged amines per nm>.

In contrast, heparin (Fig. 1C, sourced from Millipore
Sigma, one COO™ and 2.4 SO;~ groups per disaccharide, 18
kDa (ref. 37)) is a highly charged, polyanionic polysaccharide
containing both carboxyl and sulfate groups. Each group has
a -1 charge at the experimental pH (pPKheparin ~3-5),>" >
corresponding to an average charge of -1.7 per
monosaccharide for our material, or approximately 1.3
anionic groups per nm”> (based on a glucose repeat unit).
Heparin thereby presents a stronger electrostatic repulsion
between chains and thus a larger persistence length to
behave as a semi-rigid polyelectrolyte.*®

untreated

2.2. Nanoparticle coating

For each experiment, SiO,-NH;" nanoparticles were coated
with chitosan or heparin using crosslinking (XL) methods
adapted for sulfated chitosan derivatives.">*>*" Briefly,
heparin and chitosan solutions (2 mg mL™") were prepared in
deionized (DI) water and DI water containing 1% v/v acetic
acid, respectively. Glutaraldehyde (1% in DI water, 0.25 mL)
was added to the polysaccharide solutions (0.5 mL). After 20
min, aminated silica nanoparticles (0.25 mL, 2 mg mL™" in
DI water) were added. The mixtures were sonicated for 15
min and then centrifuged (10 min, 7000 rpm) and washed
with DI water 3 times. Solutions were sonicated for 5 min
prior to each use. Attenuated total reflectance (ATR, Bruker
Alpha II, resolution 2 ecm™, 32 scans, 4000-6000 cm ') was

This journal is © The Royal Society of Chemistry 2026
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used to confirm that polysaccharides were attached to the
aminated silica nanoparticles (Fig. S1).

2.3. Liquid-phase transmission electron microscopy (LP-TEM)

The in situ crystallization observations used an experimental
setup that was modeled after the method employed by Davila-
Hernandez et al.*' The liquid-cell contained two square silicon
chips (Hummingbird Scientific) measuring 2.6 x 2.6 mm’ each
containing 50 nm-thick silicon nitride (Si;N,) membranes with
50 x 200 pm® imaging windows. Prior to use, the chips
underwent a 2 min plasma cleaning process with a Harrick
Plasma Cleaner. For a typical experiment, 0.5 pL of 10 mM CaCl,
and 0.1 pL 2% nanoparticle solution were applied to the spacer
chip with a spacer thickness of 100 nm. Next, 0.5 puL of a 10 mM
NaHCO; solution was added to produce a supersaturated CaCO;
solution (supersaturation (o) with respect to calcite (ccaicite)
~1.6),">** and the reaction solution was sealed using a window
chip to form a liquid-cell. The liquid-cell was then placed inside
a Hummingbird Scientific sample holder. A leak check was
conducted by inserting the assembled holder into a
Hummingbird Scientific high-vacuum leak checking station for
2 min. This station features a low base pressure (<1 x 107°
mbar) and short pumping and venting times, and allows the
liquid-cell window to be imaged with optical microscopy. The
holder was then inserted into an FEI (a subsidiary of Thermo
Fisher Scientific) Titan Environmental TEM operated at 300 kv
with a Gatan UltraScan 1000 camera.

A series of TEM images were captured beginning ~10 min
after mixing using an Eagle CCD with a resolution of 1024 x
1024 pixels, a condenser aperture size of 50 um, and a spot
size of 3 nm. In situ movies were recorded using the free
software Gatan DigitalMicrograph and post-processing of
images from the movies was performed using the open-
source software Image].** A low electron dose rate of ~100 e~
nm™> s was employed to minimize beam effects. A
schematic of the TEM setup is shown in Fig. S2.

For additional control experiments of 2% aminated SiO,
nanoparticles in pure water (without solute ions) and at pH 9
(Ocatcite 1.6, 2.5 mM CaCl, and 1 mM Na,CO;), LP-TEM was
performed using an Insight Chips® nanochannel holder.
This holder featured a 130 nm channel height, with inner
surfaces encapsulated by 25 nm-thick silicon nitride and
coated with Al,0;. The solution was loaded into the
nanochannel via a flow line. Imaging was conducted with a
Gatan Metro 300 camera.

3. Results and discussion

For all in situ systems, the CaCO; products that formed are
expected to be crystalline. Selected area electron diffraction
(SAED) could not discern if the particles were crystalline or
amorphous materials (Fig. S3). However, the nucleating particles
were significantly more electron dense (i.e., darker) than would
be expected for a hydrated cluster or amorphous material.*>™*’
Particles were observed in regions that were different from
the initial location of the electron beam, indicating that beam

This journal is © The Royal Society of Chemistry 2026
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effects were not driving the nucleation process.”’ Moreover,
as discussed below, each of the three types of particles used
in the study gave material-specific results. Thus, the
progression of nucleation, both the location and rate, was not
determined by solution radiolysis. Representative images
from each experiment are shown in Fig. 2.

In CaCOj; supersaturated solutions, the aminated SiO,
nanoparticles (control) were enveloped in a region of solution
that was darker than that of the surrounding bulk solution
(outlined in white in Fig. 2B). This region presented an
average width of 16 nm as measured from the nanoparticle
surface to its perimeter (e.g., Fig. 2B; the distance between
the yellow and white lines) with a maximum lateral extent of
34 nm (e.g, shaded area in Fig. 4A). All distances were
determined by applying the measurement tool in ImageJ** to

Fig. 2 In situ LP-TEM images of CaCOs crystallites that formed in the
absence and presence of polysaccharides at t =10 min after initial
nucleation. (A and B) SiO,-NH3" nanoparticles alone (control). Panel B
highlights relevant features; larger, dark gray round features are the
SiO, spherical nanoparticles (yellow), and smaller dark spots are
CaCOs3 (red). The region surrounding the nanoparticle of higher mass
density than the bulk solution is outlined in white. (C and D) Chitosan-
treated SiO,-NH3z* nanoparticles. (E and F) Heparin-treated SiO,-NHz"
nanoparticles. E and F are from the heparin 3 replication (e.g. Fig. 4E
and 5E). Representative images from each heparin experiment are
shown in Fig. S4.
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Fig. 3

In situ LP-TEM images of aminated silica nanoparticles demonstrate that the mass density surrounding the nps and the bulk solution are

similar in (A) distilled, deionized H,O; (B) a calcite-supersaturated solution at the higher pH 9 (amines are uncharged). (C) CaCOs particles (red) are

nucleated in the bulk solution when the np amines are uncharged.

the collected images. The increased grayscale value in this
region reflects a greater mass density relative to the bulk
solution composition and, thus, is indicative of ion
accumulation around the charged NH;" groups, creating a
solute-rich environment. To confirm this interpretation, we
conducted additional control experiments in water (without
solute ions) (Fig. 3A) and did not find a darker region around
the nanoparticle. This was also true for another experiment
using calcite-supersaturated solutions at pH 9 (where the
amines are uncharged) (Fig. 3B). In these solutions, CaCO;

crystallites formed in the bulk solution without evidence of
np association (Fig. 3C). An implication of these observations
is that substrate charge, including simple aminated SiO,
nanoparticles without a biopolymer treatment, can facilitate
locally higher ion concentrations, and thus a potentially
greater driving force for CaCO; nucleation.

Returning to the polysaccharide-free control experiments
(Fig. 2A and B), the induction time to the first appearance of
CaCO; crystals was ~40 min. The induction time was
measured as the period of time between the addition of
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Fig. 4 Measured distance from the outer edge of a CaCOs crystal to the outer edge of the nearest, visible SiO,-NH3" nanoparticle (up to 100 nm)
for (A) control/SiO>-NH3*, (B) chitosan-XL-SiO,-NHz*, and (C-E) three trials of heparin-XL-SiO,-NH3z*. Each bar represents a 2 nm range. Shaded
regions denote the thickness of the electron dense ‘cloud’ surrounding the SiO,-NHsz" particles and dotted lines denote the average cloud
thickness. (F) % of CaCOs particles that nucleated in the bulk. Three trials were performed with heparin because, during the first two, nucleation
had already occurred by the time imaging began. Consequently, in order to ensure that the calcium carbonate particles were not moving between
the time of nucleation and imaging, a third trial was carried out during which the initial nucleation events were successfully captured.
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NaHCO; to the TEM cell (i.e., when the solution was first
supersaturated, sect. 2.3) and observation of the initial CaCO;
particles. Crystals formed in the bulk solution as well as near
the SiO, nanoparticles. At =~10 min post-induction,
aggregates and larger individual crystals of CaCO; were
observed near the nanoparticles, and smaller crystals formed
in the bulk solution (Fig. 2A and B). By measuring the
distance from the outer edge of each SiO,-NH;" nanoparticle
to the nearest edge of each CaCO; crystal (e.g., Fig. 2B;
between the yellow and red circles), we determined that most
nucleation occurred within 30 nm of the SiO,-NH," surface,
which was similar to the estimated thickness of the electron-
dense zone (Fig. 4A). Away from the nanoparticles, a
significant number of CaCO; particles (=21%) formed in the
bulk solution. However, many of these particles exhibited
mobility during the first stages of nucleation.

The average diameter of particles formed in the SiO,-NH;"
control experiment was 7.7 + 3.8 nm; however, the crystal size
distribution was asymmetric with a significant tail
extending to larger sizes (Fig. 5A). Many particles grew to a
diameter >15 nm (and up to 31 nm). There was no
apparent association between particle size and distance
from the nanoparticle edge. The low ratio (1:4) of the total
number of CaCO; crystals to the number of silica
nanoparticles within a representative viewing area indicates
that the control SiO,-NH;" particles and the associated
zone do not have a strong direct nucleation ability relative

View Article Online
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to the bulk solution (Fig. 5F). This is further supported by
in situ observations that the CaCOj; crystals were in motion
during and after their formation, indicating that they were
not bound to the aminated silica nanoparticles.

Quantifying the position of CaCO; crystals relative to the
polysaccharide coating in the TEM liquid-cell presented
challenges because the polysaccharides have a low mass
density, which limited our ability to directly measure the
thickness of the coating. Hence, we could not readily
resolve the exact position of the crystallites relative to the
polysaccharide-solution interface. The difficulty was
amplified because TEM images are 2-dimensional
projections of 3-dimensional features such that: 1) some
distance measurements will be biased to apparent values
that are smaller than the actual; 2) the measurements
cannot discern the true distance of particles with positions
above or overlapping the SiO,-NH;" nanoparticles.
However, the images of the polysaccharide-coated
nanoparticle systems (Fig. 2C-F) show significant contrast
between the CaCO; particle-dense  regions  near
nanoparticles and the particle-free bulk relative to the
control (Fig. 2A and B). By assuming that this higher mass
density region corresponds to the polysaccharide coating or
interphase region and the associated ions (shaded regions
in Fig. 4B-E), we were able to obtain insight into where
crystals nucleated. We measured the distance from the
nearest edge of each CaCOj; crystal to the outer edge of
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Fig. 5 Measured CaCOj crystal diameters for (A) the control as SiO,-NH3" hanoparticles, (B) chitosan-XL-SiO>-NH3z* and (C-E) three replications
of heparin-XL-SiO,-NH3z*. Only the control system had CaCOs particles with diameters >15 nm. Each bar represents a bin size of 0.5 nm and
notes variable y-axis ranges for panels A-E. (F) Particle number density expressed as the number of CaCO5 particles per SiO,-NH3z* particles.
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each SiO,-NH;" nanoparticle. Most nucleation occurred
<30 nm from the SiO,-NH;" surface (Fig. 4B), which was
within the estimated width of the electron-dense region
and is comparable to that seen for the control.

In contrast to the control, with the chitosan-coated
nanoparticles, most (96%) CaCO; particles nucleated in close
association with the polysaccharide interfacial region while
very few crystals formed in the bulk solution (Fig. 2C and D
and 4B and F). Moreover, the induction time to crystallization
(=25-30 min) was significantly shorter than for the control
experiments. Also, the resulting CaCO; particles were
stationary, indicating they were at least weakly bound to the
polysaccharide. Under these conditions, CaCOj; crystals
formed with a higher number density, averaging 1.2 CaCOj;
per SiO,-NH;" nanoparticle (Fig. 5F) and a smaller average
particle size with a narrower range of diameters (6.4 + 1.3
nm, Fig. 5B) compared to the control, though the peak in the
size distribution was similar for both. Few to no aggregates
of CaCOj; crystals were observed.

Like chitosan, most CaCOj; crystals preferentially formed
near the heparin-coated nanoparticles (80-95%) with a few
in the bulk solution and they appeared at still-shorter
incubation times (=20 min) (Fig. 2E and F and 4C-F and
S4). Compared to the chitosan-coated and control
experiments, the number of heparin-associated CaCO;
crystals was the greatest with an average of 2.9 crystallites
per SiO,-NH;" nanoparticle (Fig. 5F). The average crystal
size was smaller (diameters = 4.0 + 1.2, 4.7 + 2.0, and 5.4 +
1.1 nm (Fig. 5C-E, respectively)) with an overall average of
4.6 £ 1.5 nm. These diameters are near or within estimates
for the calcite critical nucleus size (1-5 nm) for the
estimated supersaturation conditions of these
experiments.>>*®

A relationship between the particle size and distance from
the SiO,-NH;" particle edge was not observed for the heparin
or chitosan experiments. Note that the three heparin trials
resulted in ‘clouds’ of variable thicknesses around the nps,
which roughly correlated with the distributions of the CaCO;
crystals. This suggests that heterogeneities in the thickness
of heparin coating and/or the interphase environment were
the primary influence on measured CaCO; distances (e.g.,
Fig. 4C-E).

The smaller particle sizes, higher particle numbers, and
shorter induction times measured for the chitosan and
heparin systems are consistent with previous optical
observations of CaCOj; crystallization in the presence of
polymer additives, particularly with the addition of anionic
molecules (e.g., carboxymethyl chitosan).**”*" The results are
also consistent with rate measurements that determined that
the kinetic term of the rate expression increases with the net
charge of the polysaccharide (Fig. S5)."'° However, it is
important to remember that crystal size differences could be
rooted in nucleation and/or extent of growth. Observations
from this study cannot fully resolve the relative contributions
between polysaccharide effects on growth rate versus
nucleation. Hence, an alternative explanation is that the

2840 | CrystEngComm, 2026, 28, 2835-2844
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smaller particles may be a consequence of slower growth due
to a post-nucleation reduction in supersaturation.

Recognizing the limitations of our measurements for the
distance of separation between the CaCO; crystals and SiO,-
NH;" nanoparticles, we propose that nucleation occurs in
two types of environments. First, the interfacial environment
within 0-40 nm from the nanoparticle surface has the
primary control on crystal nucleation. Second, at distances
beyond =40 nm, nucleation is dominated by bulk solution
properties.

We acknowledge it is unlikely that the aminated silica
nanoparticles alone (control) could regulate crystallization at
distances of up to =20 nm into the solution. The Debye
length for interfaces around these materials is expected to be
<5 nm,** suggesting that observed long-range effects may be
a result of collective properties of the materials and solution
environment rather than individual molecular level forces.
This is consistent with the idea that CaCO; nucleation is
driven by water restructuring during substrate-ion
interactions (i.e., entropically dominated) as opposed to
coulombic forces alone.”®> However, we observed a
maximum number of CaCO; particles at distances of 12-14
nm from a nanoparticle edge, which is well beyond the
length that surfaces generate structured hydration layers
(typically <2 nm as seen by 3D atomic force microscopy).’®>°
Moreover, our value is much larger than those reported or
predicted by molecular dynamics for other nucleating
systems (1-2 nm),'>1%21:23:24

Consequently, appealing to a decrease in the interfacial
energy due to such structuring as a source of enhanced
nucleation is unfounded. Similarly, although electric fields
can introduce an additional term in the work of cluster
formation that reduces the critical size and thus increases
nucleation rates,’ the distances from the functionalized
particle surfaces and large ion concentrations would seem to
preclude this effect as a source of enhanced nucleation.
Further investigation will be required, but even if the
heterogeneous distributions of Ca** and CO;*™ are such that
their individual chemical potentials are uniform throughout
the solution, perhaps small increases in the product of Ca**
and CO,;>” activities lead to a consequent increase in local
supersaturation that promotes nucleation in the solution
near these nanoparticles (ie., homogeneous
nucleation).'*17%%

Irrespective of the mechanism, the larger number density
of CaCO; crystals that form in the region of the
polysaccharide-coated nps compared to the bulk solution and
the control experiments indicates the biopolymer-specific
interactions with ions to promote nucleation. It is plausible
that the greater persistence length of the heparin, which
behaves as a semi-rigid polyelectrolyte, particularly under the
low ionic strength conditions of these experiments,**°°
presents greater spatial organization with extended chains
and thus more stable binding sites. The result is local
environments that favor Ca®>" and HCO; ion-rich regions
and increase the probability of forming CaCO; critical nuclei

This journal is © The Royal Society of Chemistry 2026
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(e.g., ref. 15). This interpretation is consistent with our
observations of shorter induction times, greater nucleation
density, and similar distances between the crystallites and np
surface. However, the variable CaCO; particle distributions
between samples (e.g., Fig. 4C-E) prevent a firm conclusion.

Chitosan, with its low charge and thus greater flexibility
and shorter effective persistence length,*’ presents a less-
organized interphase region. Although this study could not
resolve the structure and properties of the region, it is
plausible that binding sites are weaker with greater
fluctuations, resulting in fewer nucleation events compared
to heparin. However, our study cannot assess if the origins of
these effects on CaCO; nucleation are kinetic (e.g., the
number of possible nucleation sites,®” attachment rates, and
barriers to ion binding, such as the desolvation barrier®®)
and/or thermodynamic (e.g,, the supersaturation and
interfacial free energy of forming a new crystal (yne)). Both
polysaccharides, however, yield favorable environments for
nucleation near the polysaccharide-solution interface relative
to the bulk solution.

The in situ TEM images also indicate that CaCOj; crystals
in the polysaccharide systems did not form directly on (e.g.,
separation distance = 0 nm; Fig. 5) or above the SiO,-NH;"
nps in the chitosan system, nor in two of the heparin
replications. Rather, CaCO; appears to form in definitive
rings around coated nanoparticles (Fig. 2C and F). This is
notable because if CaCO; nucleates in an approximate
hemisphere around the coated silica nps, the 2D projections
would yield images of CaCO; crystals overlapping with the
silica substrates at all distances. A plausible explanation for
this observation is that CaCO; crystals nucleate near the
boundary between the solution, the interphase region of
polysaccharide coating, and the silicon nitride (SizN,)
membrane(s) that comprise the TEM liquid-cell. That is,
crystals preferentially form at the polysaccharide-TEM
membrane-solution interface. This scenario is supported by
the fact that the particles do not undergo Brownian motion,
implying that, like most objects imaged in liquid phase TEM,
they exhibit greatly reduced mobility as a consequence of
being in the vicinity of the membrane. Previous

supersaturated solution
Ca?*, HCO,/CO,

Polysaccharide

// \‘\

1 | Si0,-NH;*|

Si;N, membrane

caco, |ﬁ\\\w // @ @
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measurements show that y,. for nucleating calcite is the
largest for highly charged polysaccharides (e.g., heparin).'***
This insight, combined with observations of the preferred
crystal placements, would seem to suggest that introducing
the TEM cell membrane to the polysaccharide-solution
system reduces yne; and/or increases the activity product or
kinetic factors of the nucleation rate expression at the
boundary of the materials (i.e.,, at the polysaccharide-
membrane-solution interface).

Observations in this study suggest a model for how
polysaccharides influence the placement of CaCO; crystals
during nucleation. Fig. 6 illustrates three types of interfaces
in the TEM liquid-cell for our polysaccharide systems: 1) the
Si;N, membrane-solution interface that comprises the fluid
in situ TEM cell, 2) polysaccharide-solution interface, and 3)
polysaccharide-TEM membrane-solution interface. The yper,
ion distributions, and kinetic factors for each system are thus
a collective outcome of the associated interfaces.

Interface 1: Si;N, membrane-solution. The Si;N,
membrane that comprises the upper and lower faces of the
TEM cell is generally considered to be hydrophobic over a time
scale that is similar to the short duration of our experiments
(Fig. 6, interface 1). Weak interactions with water have a
relatively low y,¢ value for CaCO; formation, whereby crystallites
displace H,O to result in a favorable substrate for heterogeneous
nucleation relative to nucleation in the bulk solution
(homogeneous). However, the TEM cell membrane and solute
ions also have weak interactions, leading to a low kinetic driver
of crystal nucleation and few to no crystals forming at the SizN,
membrane-solution interface as observed in this study (e.g,
Fig. 2C-F, lower right quadrants). In the SiO,-NH;" control
system, particles moved after nucleating in the bulk (i.e., away
from nanoparticles), further suggesting little nucleation directly
onto the Si;N, membrane.

Interface 2: polysaccharide-solution. The interphase
region between the hydrophilic polysaccharides and solution
has a locally higher ion concentration compared to the bulk
solution which, in turn, enhances water structuring (Fig. 6,
interface 2). The degree of structure is dependent on specific

2

Si0,-NH,* 3

7

Si0,-NH,*

Fig. 6 Cross-section view of the fluid in situ TEM cell illustrating CaCO3z nucleation adjacent to polysaccharides (red) on aminated silica
nanoparticles (yellow). Boxes highlight three interfaces: (1) the SizN; membrane-solution interface; (2) polysaccharide-solution interface (coated
silica nanoparticles); and (3) polysaccharide-coated nanoparticle-SizN; membrane-solution interface. In the chitosan and heparin systems,
preferential nucleation at the polysaccharide-membrane-solution interface leads to the formation of CaCOs particles in a ring pattern around the

coated nanoparticle. See the text for discussion.
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charge distributions and hydrogen bonding.*>*® For example,
high charge polymers, like heparin, are expected to behave
rigidly, leading to more water and ion structures, while low
charge polymers, like chitosan, are more flexible.***> Few
particles in the TEM images formed in the region overlapping
the SiO, nanoparticles (e.g., Fig. 2C-F), suggesting that little
nucleation took place at this interface.

Interface 3: Polysaccharide-coated nanoparticle-Si;N,
membrane-solution. This interface describes the three-way
contact of the Si;N, membrane (hydrophobic), the
polysaccharide-coated nanoparticles (hydrophilic) and the
bulk solution. TEM images of crystal nucleation in this
environment would project as rings around the
polysaccharide coatings on the membrane (Fig. 6, interface
3). Fig. 2D and F indeed show CaCOj; crystallites forming in
distinctive ring patterns. A probable explanation is a
synergetic interaction of the three phases to favor
heterogeneous nucleation. Cooperative interactions between
carboxyl and sulfate groups are observed to promote CaCOj;
nucleation,' and a previous study of silica formation shows
that nucleation preferentially occurs at the intersection of
carboxyl and amine groups.®® The activity of cooperative
functional groups may arise from a locally low p,e value
relative to the polysaccharide-solution interface and a high
frequency of nucleation events, perhaps by disrupting the
water structure. The physical result is an enhanced rate of
nucleation relative to the control and the formation of more
uniformly sized CaCO; crystals that are approximately
equidistant from (or patterned around) the polysaccharide-
coated nanoparticles (Fig. 2D and F).

Conclusions

The findings from this in situ experimental study show
that polysaccharide-water interfaces promote CaCO;
nucleation when compared to the aminated SiO,
nanoparticle control. We were unable to resolve detailed
spatial relationships between the interfacial structure and
crystal placement, but the measurements indicate that the
number and position of the resulting crystals is likely
related to polysaccharide-specific properties near the
solution-interphase region. Heparin and chitosan present
differences in net charge to the solution environment, and
heparin is the most effective at controlling the placement
and abundance of CaCO; crystallites. This result is
consistent with heparin's larger effective persistence length
that stabilizes ion-rich regions.

For both macromolecules, chitosan and heparin,
heterogeneous nucleation is most-favored at the
polysaccharide-TEM Siz;N, membrane contact, possibly

through an additional influence of the TEM membrane on
interfacial energy, ion concentration, and/or kinetic factors.
The properties of the polysaccharides—through their
interactions with local waters of solvation in these disrupted
settings—directly influence where CaCO; nucleation occurs.
The charged interface of the amine-functionalized silica nps

2842 | CrystEngComm, 2026, 28, 2835-2844

View Article Online

CrystEngComm

leads to surrounding ‘clouds’ of high ion concentration, but
this environment does not appear to have a structuring
influence on the placement of CaCO; nuclei or the resulting
crystal size relative to our observations for the polysaccharide
interfaces. Thus, the evidence suggests that CaCO; nucleation
in the control system is best described as a homogeneous
process. The findings reiterate the need for a stronger
mechanistic understanding of how the functional groups
influence local polysaccharide properties and structuring to
control the timing and placement of crystal nuclei during
mineralization.
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