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Abstract: Biominerals can exhibit exceptional mechanical properties
owing to their hierarchically-ordered organic/inorganic nanocomposite
structure. However, synthetic routes to oriented artificial biominerals
of comparable complexity remain a formidable technical challenge.
Herein we design a series of soft, deformable nanogels that are
employed as particulate additives to prepare nanogel@calcite
nanocomposite crystals. Remarkably, such nanogels undergo a
significant morphological change—from spherical to pseudo-
hemispherical—depending on their degree of cross-linking. Such
deformation occurs normal to the direction of growth of the (104) face
of the calcite and the underlying occlusion mechanism is revealed by
in situ atomic force microscopy studies. This model system provides
new mechanistic insights regarding the formation of oriented
structures during biomineralization and offers new avenues for the
design of synthetic nanocomposites comprising aligned anisotropic
nanoparticles.

Introduction

Various living organisms can generate biominerals with highly
ordered/hierarchical structures by using biomacromolecules to
control the nucleation and growth of inorganic crystals.['l For
example, mollusks grow tough shells in which aragonite layers are
separated by an interlamellar organic matrix in a nacre-like
structure.!’ Such organic/aragonite layers lie parallel to the
surface of the shell, which confers excellent mechanical
properties that are optimized for protection against predators.
Mao and co-workers reported that artificial nacre can be prepared
using an ‘“assembly-and-mineralization” strategy.!! More
specifically, a laminated B-chitin matrix was used as a template to
direct the mineralization of calcium carbonate, producing a

synthetic nanocomposite material with comparable mechanical
strength and fracture toughness to that of natural nacre. Despite
the synthetic complexity, this is undoubtedly a remarkable
achievement in biomimetic synthesis.

Recently, occlusion of diblock copolymer nanoparticles or
polymer-stabilized inorganic nanoparticles within mineral host
crystals has garnered considerable interest, not least because it
offers an opportunity to investigate biomineralization.*! Precise
control over the surface chemistry and structure of such guest
species enables identification of the critical parameters that
dictate additive occlusion, thereby providing useful mechanistic
insights.®)  Nevertheless, the rational synthesis of artificial
biominerals possessing highly-oriented internal structure via
nanoparticle occlusion has not been realized.

Various literature reports describe the construction of an
oriented organic template prior to its mineralization.® 8 Alignment
of such templates directs the formation of the final oriented
structure. In the present study, we sought to exploit the intimate
interaction between guest nanoparticles and host minerals to
prepare a synthetic biomineral with an oriented internal structure
without recourse to templates. We hypothesized that sufficiently
soft isotropic nanoparticles should undergo in situ deformation
during occlusion owing to local forces exerted by the growing
crystal lattice. Moreover, this change in morphology may lead to
oriented anisotropic nanoparticles within the host crystal. To test
this hypothesis, we designed a series of tunably deformable
spherical nanogels, which become hemispherical after their
occlusion within calcite. Importantly, this change in morphology is
oriented normal to the direction of growth of the (104) face of the
inorganic calcite crystal. In situ atomic force microscopy (AFM)
studies confirm that two types of deformation occur consecutively
and provide new mechanistic insights regarding the formation
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Scheme 1. Synthesis of nanogel particles via free radical dispersion copolymerization of PEM with various amounts of EGDMA cross-linker and their subsequent

occlusion within calcite, leading to the formation of a nanogel@calcite nanocomposite in which deformed hemispherical nanogel particles are oriented along the

{104} face of the rhombohedral host crystal. The dashed box defines each colored component featured in the schematic cartoon. N.B. The crystals and microgels

shown in this Scheme are not drawn to scale.

of oriented nanostructures via biomineralization. Moreover, our
approach offers a convenient synthetic route to a new class of
organic-inorganic nanocomposites via nanoparticle occlusion.

Results and Discussion

Synthesis and characterization of nanogel particles. Nanogel
particles were prepared via free radical dispersion
copolymerization of 2-(phosphonooxy)ethyl methacrylate (PEM)
with ethylene glycol dimethacrylate (EGDMA) in the presence of
poly(N-vinylpyrrolidone) (PNVP) in methanol (see Scheme 1)."]
The PNVP plays a decisive role in the formation of nanogel
particles. It not only serves as a precipitant that complexes with
poly(2-(phosphonooxy)ethyl methacrylate) (PPEM) but also acts
as a steric stabilizer to confer colloidal stability. The presence of
EGDMA ensures cross-linking between the PPEM chains,
resulting in the formation of water-swollen nanogel particles
(Scheme 1).

Dynamic light scattering (DLS) studies indicated that such
nanogels exhibited a unimodal particle size distribution (see
Figure S1). Increasing the EGDMA content led to a higher degree
of cross-linking and a reduction in the mean hydrodynamic
diameter (Figure S1). Interestingly, the presence of 1.5 mM Ca?
significantly reduced the hydrodynamic diameter. This suggests
that such cations interact with the anionic PPEM network, causing
nanogel shrinkage via additional ionic crosslinks.®®! Aqueous

electrophoresis studies revealed that the zeta potential of such
nanogels in the presence of 1.5 mM Ca?* is significantly lower
than that determined in the absence of Ca®* (Figure S2), which
indicates strong cation binding to the PPEM chains.®! Moreover,
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) studies indicated that the nanogel particles are
near-monodisperse (Figure S3). The number-average diameter
of the dried nanogel particles estimated by electron microscopy is
significantly smaller than the hydrodynamic z-average diameter
reported by DLS. Although some difference would be expected
owing to the effect of polydispersity, this relatively large difference
indicates that such nanogels are highly swollen by water in
aqueous media.l'™

Occlusion of nanogels within calcium carbonate (CaCOs)
crystals. CaCO; crystals (~40 pm) were precipitated in the
presence of 1.5 mM CaCl, and 0.1% w/w nanogel particles in
aqueous solution using the well-established ammonia diffusion
method.l'"! Perfect rhombohedral crystals with six smooth (104)
faces were obtained in the absence of any nanogel (see Figures
1a). In contrast, crystals with rough surfaces and truncated edges
were obtained in the presence of the nanogel particles (see insets
in Figures 1d, g, j). Moreover, optical microscopy studies
indicated that crystals precipitated in the presence of nanogel
particles became opaque, suggesting successful occlusion of this
additive (see Figure S4).%2 9 Raman spectroscopy studies
(Figure S5) and powder X-ray diffraction analysis (PXRD, Figure
S6)
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Figure 1. Occlusion of nanogel particles with varying EGDMA content within calcite crystals. Representative SEM images (a-c) obtained for calcite crystals

mineralized in the absence of any additives and in the presence of 0.1% w/w nanogel particles with EGDMA contents of (d-f) 2.5%, (g-i) 5.0% and (j-) 10.0%. The

left-hand column shows the surface morphology of intact composite crystals while the central column presents cross-sectional images of randomly-fractured crystals.

The right-hand column shows high magnification SEM images of the same randomly-fractured crystals, which reveal the morphology and roughness of the cavities.
Insets within (a, d, g and j) depict high magnification images of individual crystals. Schematic cartoons within (e, h and k) indicate the morphology of the nanogel
particles and the corresponding red arrows indicate the growth direction of the (104) face for rhombohedral calcite.

confirmed that the polymorph for all crystals was calcite, thus
nanogel occlusion did not affect the crystal structure. SEM studies
of the cross-sections of randomly-fractured crystals revealed the
internal structure of these nanogel@calcite composite crystals
(Figure 1). First, a featureless cross-section was observed for
control calcite crystals (Figures 1b-c). In contrast, the cross-
section of nanogel@calcite nanocomposite crystals contained
many cavities, thus providing direct evidence for nanogel
occlusion within the host lattice (Figures 1e, h, k). This is
consistent with Fourier transform infrared (FTIR) spectra recorded
for such crystals, which contained both an ester carbonyl
stretching at 1725 cm™ and an asymmetric stretching vibration for
phosphate at 1158 cm™. These spectral features are

characteristic of the nanogel particles (see Figure S7), which
confirms their occlusion within the calcite crystals.

Second, the extent of occlusion within calcite was inversely
related to the EGDMA content of the nanogel particles:
correspondingly fewer cavities were observed on increasing the
EGDMA content from 2.5% to 10.0% (see Figure 1 and Figure
2a). This is because a higher degree of cross-linking restricts the
nanogel deformability: this reduces the interaction between the
anionic anchor groups and the growing calcite crystals, thus
lowering the extent of occlusion. In this context, it is worth
emphasizing that the non-ionic PNVP steric stabilizer chains do
not promote nanogel occlusion: control experiments confirmed
that PNVP-stabilized polystyrene nanoparticles could not be
incorporated into calcite crystals (see Figure S8).
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Third, the cavity shape is strongly dependent on the EGDMA
content of the nanogel particles. For nanogels containing 2.5%
EGDMA, elongated cavities were observed (see Figures 1e,f).
Given that SEM images of fractured calcite crystals only reflect
the cross-sectional shape of the occluded nanogel particles, their
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actual morphology must be an elongated hemisphere. Increasing
the EGDMA content to 5.0% led to a pseudo-hemispherical
morphology (Figures 1h,i). In contrast, only spherical cavities
were observed for nanogels containing 10.0% EGDMA (Figures
1k,l). This is because such highly cross-linked particles are much
more resistant to deformation. Similar observations were made
for occlusion experiments conducted using nanogels comprising
20.0% EGDMA (see Figure S9). Indeed, there are many literature
examples of ‘hard’ polymeric nanoparticles or polymer-modified
inorganic nanoparticles that retain their original spherical
morphology after occlusion within calcite.['3]

For the EGDMA cross-linked nanogel particles, the mean
length and height of the cavities were calculated to determine the
length/height aspect ratio (Figures 2b, 2c). The latter parameter
indicates the degree of deformation of the nanogel particles
during their occlusion. Nanogels containing 2.5% EGDMA exhibit
a length/height ratio of approximately 2.0, whereas those
containing 5.0% or 10% EGDMA have length/height ratios of ~ 1.6
or unity, respectively (see Figure 2c).

Finally, the most striking feature is that the deformed cavities
are oriented in the same direction (see Figures 1e, h). Moreover,
careful examination of the whole cross-section of a
nanogel@calcite composite crystal revealed that this orientation
is parallel to each (104) face of the host calcite crystals (see
Figure S10). This suggests that there is a specific interaction
between the nanogel particles and the growing calcite crystals,
through which the nanogel particles always deform in the same
direction and hence give rise to the observed orientation.
Nanopatrticle deformation during occlusion has been previously
reported. For example, copolymer micelles became ellipsoidal
during their engulfment within calcite and oil droplets also lose
their initial spherical morphology under such conditions. 4
However, to the best of our knowledge, local alignment of
deformed nanogel particles within calcite crystals has not yet
been reported.

In situ AFM studies during nanogel particle occlusion. In situ
AFM studies were undertaken to gain further insights into the
underlying mechanism for the morphological deformation and
preferential orientation of the nanogel particles that occurs during
their occlusion within calcite crystals (Figure 3). This technique
involves using a macroscopic calcite crystal of geological origin
and enables the entire occlusion process to be monitored in real
time for individual nanogel particles.['! As shown in Figure S11a,
the growing calcite hillocks on the ["®Inin face exhibit a typical
rhombohedral morphology in a supersaturated solution at o =

1196 (o =In w, Ksp =108%4, a(Ca?*) and a(COs%) are

sp

the activities of the calcium ion and carbonate ion,
respectively).l'” At this point, a supersaturated solution (o = 0.274,
pH 8.3) containing 0.001% w/w 2.5% EGDMA nanogel particles
is introduced. These soft particles adsorb onto the surface of the
geologic calcite crystal and lateral deformation occurs (Figure
S11b) prior to their occlusion, as indicated by a significant
reduction in their height (see Figure 3g). Such deformation
maximizes the contact area between the nanogel particles and
the growing calcite surface, thus facilitating occlusion. Indeed, this
explains why the nanogel particles with the lowest EGDMA
content exhibit the highest extent of occlusion (Figure 2a). To
initiate occlusion, a supersaturated CaCQOj3; solution (o = 1.196)
was passed over the calcite crystal and the adsorbed nanogel
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Figure 3. /n situ monitoring of the occlusion of nanogel particles containing 2.5% EGDMA within a growing geological calcite crystal. (a-e) AFM images recorded
for a representative nanogel particle at various time intervals (supersaturation (o) = 1.196, pH 8.3). (f) Height profiles for this nanogel particle measured along the
dashed lines shown in (a-e). These height profiles reflect the gradual engulfment of this nanogel particle within the growing calcite lattice. (g) Schematic cartoon
showing the change in height of nanogel particle before (H) and after occlusion (H). Scale bars in (a-e) equal 250 nm.

particles were gradually engulfed by the growing calcite (Figures
3a-e). This was accompanied by a reduction in height for each
adsorbed nanogel particle (Figure 3f). Interestingly, the AFM
height of the adsorbed 2.5% EDGMA nanogel particles prior to
occlusion was determined to be 94 £ 11 nm, whereas the height
of the final hemispherical cavity was estimated to be 134 + 20 nm
by SEM (see Figure 3g). This indicates that the adsorbed
nanogel particles undergo vertical deformation during occlusion.
This is physically reasonable because the guest nanoparticles
experience a lateral compressive force exerted by the advancing
crystal steps.l'4d

Mechanism of deformation and orientation of the nanogel
particles within calcite. Based on the above observations, the
occlusion of lightly cross-linked (2.5% EGDMA) nanogel particles
within calcite involves three steps. First, nanogel particles adsorb
onto the growing (104) face of calcite, followed by lateral
deformation to produce a pseudo-hemispherical morphology.
Second, the nanogel particles undergo vertical deformation
during occlusion owing to compressive forces exerted by the
growing steps, which leads to an increase in height. Finally, each
nanogel particle becomes fully engulfed by the advancing crystal
steps. This mechanism is summarized in Figure 4, which depicts
the occlusion of a single nanogel particle on the (104) face of
calcite for the sake of clarity. It is emphasized that rhombohedral
calcite possesses six (104) faces.'8l Therefore, nanogel particles

Growth step
\>

,. /(1)
(104

Adsorption, followed

Before adsorption by lateral deformation

Gradual occlusion by

adsorb onto each of these faces concurrently during occlusion
and the observed deformation is parallel to each face. Indeed, this
was confirmed by imaging a large cross-sectional area of a
fractured nanogel@calcite crystal (see Figure S10).

In prior studies, occlusion has been promoted by selecting an
appropriate steric stabilizer.'"! Indeed, the extent of nanoparticle
occlusion has been demonstrated to depend on the chemical
nature of such steric stabilizer chains,?% as well as their surface
density,?"l chain lengthl'3 and charge density.[® In contrast, the
phosphonate functional groups that promote strong binding to
calcite in the present study are primarily located within the
nanogel cores. Moreover, close inspection of the inner cavities
reveals many small protruding nanocrystals (Figure 1l), which
suggests that the calcite partially penetrates the nanogel particles.
This is not unexpected given that the nanogel particles are both
highly swollen and deformable. Indeed, Li and coworkers reported
that calcite crystals can readily penetrate within agarose gel
networks. 22!

The lightly cross-linked nanogel particles used herein resemble
certain globular proteins: both are spherical in shape, covalently
stabilized and deformable.?® Moreover, the deformability of the
nanogel particles can be readily tuned by systematic variation of
their EGDMA cross-linker content. In this sense, they provide an
interesting model system for understanding the role played by
proteins in biomineralization mechanisms, for which the

Vertical deformation

Fully occluded

the growing steps

Figure 4. Schematic illustration of the deformation mechanism of the nanogel particles during the formation of nanogel@calcite composite crystals.

5



organic-mineral interaction is likely to be crucial.?¥l To date,
biomineralization research has mainly focused on how the
organic component directs nucleation, crystal growth, crystal
morphology and orientation.?® It is widely recognized that the
self-assembly of biopolymers or proteins to form ordered
structures is essential for the subsequent spatially-controlled
deposition of the mineral phase, and ultimately the formation of
mechanically robust structures such as shells, bones and teeth. 26l
However, whether mineralization influences the size, morphology
and orientation of the organic phase has rarely been studied. In
this context, the present study provides several new concepts.
First, calcite mineralization certainly influences the nanogel
morphology and the extent of this change is determined by the
degree of nanogel deformability. More importantly, the resulting
anisotropic nanogel particles are oriented normal to the growing
(104) face of calcite.

It is well-established that nanoparticle occlusion within
inorganic crystals offers an attractive and efficient synthetic route
to functional hybrid materials.['%®: 271 However, the present study is
the first to demonstrate that this strategy can be utilized to
produce organic-inorganic nanocomposites possessing an
oriented internal structure. Thus, it not only provides a unique
model for understanding the intimate interaction between guest
nanoparticles and host crystals but also opens up new
opportunities for the rational design of novel nanocomposite
materials with hierarchical complexity.

Conclusion

A series of nanogels of varying softness has been synthesized
and employed for the mineralization of calcite single crystals.
Highly crosslinked nanogels remain spherical after occlusion
whereas lightly cross-linked nanogels experience significant
deformation during their incorporation within the host crystal.
Importantly, we demonstrate that additive@calcite artificial
biominerals comprising oriented anisotropic nanoparticles can be
prepared via a simple occlusion strategy. In situ AFM studies
revealed the underlying mechanism for the formation of such
ordered nanocomposite crystals, which provides useful insights
regarding the mutual interaction between the organic and mineral
phases that most likely occur during biomineralization. This study
indicates that the rational design of highly-ordered multi-scale
nanocomposite materials should be feasible via nanoparticle
occlusion.
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Controlled deformation of soft nanogel particles during their occlusion within calcite crystals enables the generation of artificial
biominerals with oriented internal structure. This model system provides new mechanistic insights regarding the formation of oriented
structures during biomineralization and indicates that the rational design of multi-scale nanocomposite materials should be feasible
via nanoparticle occlusion.
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