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Abstract

Biominerals have unique morphologies and complex hierarchical microstructures, so the
study of biomineralization has benefited greatly from the development of advanced microscopy
and characterization tools. In my career, | witnessed a revolutionary change in the theories
relating to biomineral formation mechanisms. While much of this was due to the advancements
in imaging techniques, | present an argument to suggest that in vitro model systems played an
important role in steering the biomineral community toward resolving the non-classical
crystallization processes that are now understood to lie at the foundation of biological
calcification processes. This retrospective review will discuss two case studies that are classic
examples of biominerals, mollusk nacre for the invertebrates, and bone for the vertebrates. It
will therefore be biased given my group’s discovery of the Polymer-Induced Liquid-Precursor
(PILP) process, which serendipitously emulated the morphologies and textures of these (and
other) biominerals. The goal, however, is not to repeat that body of literature, but rather to
demonstrate how the use of model systems has helped decipher mineralization mechanisms,
and to propose new ideas that could be explored to further advance the field.

1 Introduction

When | first entered the biomineralization field as a graduate student in 1990, | must admit, |
was mainly attracted to the visually appealing microscopy aspect of this field. Having grown up
in Florida with a hobby of collecting shells, it was especially fascinating to learn that shells and
marine invertebrates have beautiful internal microstructures as well. And as | became a
materials scientist, discovering that those microstructures serve a functional purpose was just
icing on the cake. This of course relates to the Materials Science & Engineering (MSE)
paradigm: processing determines structure - structure determines properties - properties
determine performance - performance determines application. From a biologist’s perspective,
performance underlies potential evolutionary success, so they also have great interest in
understanding how these complex structures are processed. Thus, a primary goal when
developing advanced imaging techniques is to build an understanding of the biological
processing that occurs during the complex interplay between matrix formation and mineral
deposition. But there are inherent limitations of microscopy in studying dynamic biological
processes because one typically has to resort to a set of snapshots throughout the process.
This is no means a comprehensive historical review, and | apologize to those who’s valuable
papers | didn’t cover. | am simply recalling the papers that stood out the most in my memory,
and that means this review will be from a biased perspective.

Much of the early biomineral literature was focused on demonstrating the fascinating
morphologies and microstructures of biologically-controlled mineralizations, and as such,
advancements in microscopy played a key role in illustrating the various enigmatic features of
biominerals. For example, how do mollusks make the aragonite in nacre in the form of flat
tablets and films, yet synthetic aragonite forms spherulitic bundles of needles? Or why is high
Mg-bearing calcite commonly found in the shells of marine invertebrates (e.g. 30% in red
coralline algae)', yet calcium carbonate that is precipitated in the beaker switches over to the
aragonite phase above around 8% Mg?% 3 The enigma in vertebrates was how do nanocrystals
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of hydroxyapatite (HAp) end up INSIDE collagen fibrils in bone,*® yet HAp formed in the
presence of collagen in vitro simply generated a spherulitic crust on the surface of the matrix?
But the thing that stands out the most in my memory, and which was often referred to as the
hallmark of biominerals, was how do invertebrates create such complex non-equilibrium
morphologies? By this | mean, how are single crystals of calcite created with smoothly curved
surfaces, which should be highly energetically unfavorable, rather than a faceted crystal habit?
For example, in Weiner & Addadi’s 1987 paper, they describe the skeletal elements of the sea
urchin as follows: “Their natural surfaces display a glassy conchoidal fracture rather than the
normal smooth (104) cleavage of synthetic calcite.” When | joined the field as a grad student in
the early 90s, the most widely accepted hypothesis was that organisms might use a set of
species-specific proteins that bind to stereospecific crystal faces during crystal formation,
thereby altering the growth rates of the concomitant crystallographic directions, leading to the
altered crystal “habit”.”-® After all, crystal additives are commonly used in industrial processing
for that purpose, and proteins, given their highly-specific molecular recognition sites, could
presumably do so in an even more complex fashion.

An important finding back in the day was that many biomineral proteins are highly enriched
with acidic amino acid residues,'® and given their intimate association with the biomineral (even
being occluded within),"" these intracrystalline soluble acidic proteins were considered to play a
key role in modulating biomineral formation. It therefore became popular to extract these
intracrystalline proteins to examine their interactions with crystals grown in vitro, to try and
correlate with biological features.'" 12 Indeed, that was how my career started in the field, where
the plan was to use tailor-made peptides designed to bind to specific crystallographic faces. But
that project became side-tracked when | noticed some unusual features (helices and films)'3
produced by the negative control reaction, which used the simple additive of polyaspartic acid
(Na-salt) to mimic to the Asp-rich proteins found associated with biominerals. In situ
observations using a polarized light microscope ultimately led to the discovery of what | called
the polymer-induced liquid-precursor (PILP) process.' Although | do not intend for PILP to be
the focus of this paper, it certainly did alter my perception of the micrographs being shown in the
biomineral literature. In fact, all those enigmatic features that the biomineral literature had been
pondering started to make perfect sense from this new perspective. This will be illustrated with
two case studies of the most popularly studied biominerals: 1) Nacre, being carefully studied
because of its remarkable fracture toughness,'® was nicely amenable to the application of the
continually evolving tools for advanced microscopy; and 2) Bone, being heavily studied because
of its importance to human health, required a different set of microscopy skills because of its
complex hierarchical structure. Some of this may be familiar to those who have read my
group’s papers, but these case studies are presented differently, more of an exposition of how
the tools led, or misled, the field of biomineralization. | addition, | offer many suggestions for
experiments that | think would be valuable to move the field forward. | no longer have a lab to
perform such experiments since | semi-retired in 2021, but | am happy to assist others in a
consulting capacity.

2 Case Studies
2.1 A Case Study in Invertebrates: The Nacre Story

Much of the early biomineral imaging was focused on mollusk nacre because of it's
fascinating “brick-n-mortar” microstructure. Quite a few of the outstanding microscopists
studying nacre were from Japan (names like K. Wada,'® Hiroshi Nakahara,'” Normitsu
Watabe,'® come to mind), which | guess was because of its importance to the pearl industry,
and the nationalistic pride in various aspects of marine biology. Scientists began developing
clever ways to stop the biomineral reactions midway in order to examine formation mechanisms.
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The papers | started collecting in my grad school days showed scanning electron micrographs
(SEM) of nacreous tablets which curiously expressed a variety of species-specific morphologies
during the formation stage, ranging from perfectly round disks to well-faceted rhomboids and
pseudohexagons (aragonite is orthorhombic) (Fig. 1).'®-22 When fully formed, the crystals all
end up as flat “tablets”, unlike the needle-like morphology expected for aragonite, or rhombic
shapes expected for calcite (which is found in bryozoan semi-nacre). In those earlier days, the
flat tabular morphology was thought to arise from disrupted growth along the c-axis from protein
adsorption on the basal planes (a version of the selective adsorption hypothesis). But as
images of forming nacre started showing continuous interlamellar organic sheets, the concept
shifted toward deposition of sheets/membranes that confined crystals to planar growth.

Atomic force microscopy (AFM) had been gaining momentum in the 90s, and in vitro
crystallization studies were now resolving nanoscale crystal growth steps and the influence of
molecular and protein additives.?>26 In 1997, Schaffer et al.?” employed AFM on biomineral
tissues by capitalizing on the clever “flat pearl” approach developed earlier by Fritz et al.
(1994),28.2° which provided flat nacre surfaces accessible to AFM. They found a porous
network within the interlamellar organic sheets and proposed the concept of mineral bridges
providing interconnectivity of crystal orientation within columns of tablets (Fig. 2),?” as opposed
to the prevailing view of hetero-epitaxial nucleation (a loosely applied definition of epitaxy based
on charge matching between protein, or chitin, and specific crystallographic planes).3® With the
advent of focused ion beam (FIB) tomography, Checa et al. studied nacre with the slice-and-
view method to determine the 3D arrangement of pores and interconnectivity.3! Their study also
supported the mineral bridge hypothesis, although they argued that the interconnectivity occurs
at larger holes (150-200 nm) that appeared to be ruptures in the interlamellar membrane, which
they hypothesized might arise due to “differences in osmotic pressure across it when the
interlamellar space below becomes reduced at an advanced stage of calcification.”

As exemplified in these papers, it was generally accepted that the tabular morphology of
nacre is caused by constrained growth within compartments created by the interlamellar sheets.
For example, Schaffer et al.?” described the overall bridging process as follows: “each newly
nucleated tablet grows vertically toward the mantle, until it hits the next interlamellar sheet,
where vertical growth is terminated...... Once the growing tablet hits a pore in the next
interlamellar sheet above the tablet (mantle side), it grows through that pore as a mineral
bridge, to nucleate a new tablet.”

The concept of nacre formation being constrained to thin tablets within membrane bound
compartments was/is a reasonable hypothesis based on “snapshots” of forming nacre. But
when the PILP model system serendipitously produced very similar tablets (Fig. 3), some
rounded, some hexagonal (Fig. 3F,H),32-34 but all with a thickness (= 500 nm) similar to
nacre/seminacre, it prompted me to take a second look at this literature, but from a new
perspective based on this two-step precursor process | had observed in vitro.'* It made sense
(to me) that this similar thickness in both nacre (from mollusks) and seminacre (from bryozoan
organisms), as well as the PILP system, was not simply coincidence, but that the amount of
amorphous precursor generated would depend on the given supersaturation one can achieve in
a CaCO; solution, and thus the amount of ions that can be sequestered by a given amount of
polymer/protein within a given small volume of solution would naturally lead to a similar
thickness. Others were not convinced, | think because this model system was too simplistic,
especially since it only used a polypeptide and not an actual biomineral protein. Therefore, |
was tickled to see Belcher et al.’s study using extracted nacre proteins,® which in vitro led to
thin film morphologies practically identical to the PILP system (Fig. 4). Most people’s attention,
however, was focused on the crystal phase switching, and not similarity to PILP. Nevertheless,
these random splotches of CaCO; films, produced by Belcher’s proteins as well as PILP,
obviously lack the organization that would presumably be provided by the organic matrices in
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biomineralization. This brings to mind the concept of compartmentalization, but that will be
addressed a little later.

About 5 years after | published the first PILP paper, the concept of “non-classical
crystallization” processes was introduced to the biomineral community.3¢ | wish | had thought to
use that terminology, but | think it came about from Helmut Cdlfen’s discovery of mesocrystal
assembly.3”-38 Soon thereafter, | discovered the work by Peter Vekilov, who had been
examining a non-classical two-step crystallization processes that occurred for some organic
molecules and proteins, where the first step entailed liquid-liquid phase separation.?®44 Such a
crystallization seemed analogous to the PILP process, which also entailed a first step of liquid-
liquid phase separation; however, there was a key difference in that his organic crystals
nucleated and grew within the precursor phase, rather than retaining the shape of the precursor,
as occurs for the inorganics in the PILP reaction.

Colfen’s studies on mesocrystal assembly were soon followed by the extremely popular
concept of oriented attachment.36. 4548 \While those studies presented an interesting nanoscale
phenomenon, it seemed unlikely (to me) to lead to large scale structures, so | wasn’t convinced
that it had anything to do with biomineralization. And especially since, over the years, my group
had been finding a variety of internal features of PILP formed tablets/films that serendipitously
matched internal features of nacre tablets (Fig. 3A-H). In 2005, | was excited to see the
Sethman et al.*® paper that described a nanotexture in biominerals that appeared to result from
nano-clustered calcite growth (Fig. 3A).4%-%" We had started using AFM and sure enough, our
smooth single-crystalline PILP films had a nanocluster texture as well (Fig. 3C).3®> We even
observed nanoscale sublayers within the single-crystalline aragonite tablets (Fig. 3E),3? similar
to those Rousseau et al.>? had resolved in nacre tablets (Fig. 3D). The “transition bars” we
discovered from in situ observations of the amorphous-to-crystalline transformation (see Fig.
5)'4.53 matched the natural etching patterns seen in alternate sectors of nacre and seminacre®
(one of those enigmatic features) (Fig. 3G vs H).53 [ felt that such distinct nanoscale textures
even more strongly supported my hypothesis that nacre tablets are formed by a similar
precursor process because, as any materials scientist knows, defect textures in crystalline
materials are related to their formation mechanism. Therefore, | started referring to these
various textures as “mineralogical signatures” because such features could potentially be used
for identifying the various non-classical crystallization processes.3+ % In addition to
understanding formation mechanisms, nanotextures, like microstructures, are undoubtedly
important with respect to mechanical properties. Sun et al.®® gave an excellent review on this,
which highlighted the remarkable study by Li et al.,>” who used in situ dynamic atomic force
microscopy to demonstrate partial rotation and deformation of nanograins during stress applied
to isolated nacre tablets (Fig. 3H-I).

Interesting biomineral textures had been observed for some time, such as in the naturally
etched sectors of nacre (Fig. 3G),%* or the deliberate etching techniques designed to reveal the
substructure of nacre tablets (Fig. 5A-F).%8 An impressive study by Aizenberg et al.,>° back in
1995, used synchrotron radiation to measure crystal textures (coherence lengths and angular
spreads) in calcitic sponge spicules whose morphologies do not reflect the hexagonal symmetry
of calcite. They argued that because the reconstructed shapes of the reduced symmetry
domains matched the spicule specific morphologies, that this supported the prevailing
hypothesis of that time of physical or stereochemically driven adsorption of proteins to specific
crystal planes. But when my group discovered the phenomenon of transition bars in the PILP
system (Fig. 5G-J), | offered an alternative explanation for the crystallographic location of the
intercalated proteins. | suggested it could be due to exclusion of proteinaceous impurities from
the crystallization front, which naturally occurs along specific crystallographic planes,* or in
concentric bands with radial spherulitic growth, as we demonstrated with fluorescently tagged
polymer (Fig. 5J).53 Of course proteins might selectively bind to specific crystal faces (or step
edges, as was later shown with AFM?2* 26), but this would presumably have to occur as they are
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being excluded since crystal faces are not even present during deposition of the amorphous
precursor phase. This is just one example that illustrates the value of an in vitro model system
towards understanding the relationship of developmental processing - structural features.

As a side note (unrelated to nacre), spherulitic growth led to exclusion of impurities into
concentric rings (Fig. 5J,K);53 60 notably, concentric layering is a common feature exhibited by
many pathological biomineral deposits (e.g., Randall’s plaque®’ and kidney stones®?).6® Thus,
this model system offers an alternative hypothesis to the often prevailing view that concentrically
laminated ultrastructures are caused by deposition of daily growth rings.

At some point in my career, given that similar external tabular morphologies and internal
defect textures both resulted from the precursor process, it seemed likely (to me) that the key
modulatory role of the infamous, soluble acidic proteins was as a process-directing agent.3* By
this | mean that the inhibitory activity of the charged polymer disrupted the classical nucleation
and growth process to yield a non-classical two-step precursor process. A few years after the
PILP discovery, it started to become recognized that proteins with a large amount of charged
residues tend to be intrinsically disordered proteins (IDPs).64 65 Indeed, many of the soluble
biomineral proteins, which are notoriously known for being highly charged, have now been
shown to be IDPs, or at least have domains of disorder.666° So it became more reasonable to
accept that a simple polypeptide of polyaspartate, and even non-biological polymers such as
polyacrylic acid, could actually serve as a reasonable mimic to these IDPs involved in
biomineralization, because now we are talking about interactions between a flexible
polyelectrolyte and ion clusters, rather than a molecular recognition “lock-n-key” mechanism
found in globular proteins. The latter, being a historical pillar of molecular biology, made the
PILP process a difficult concept for the biomineral community to accept as being potentially
relevant to biological processing.

As it became apparent that the PILP system was able to emulate so many of the enigmatic
biomineral features,3* beyond what could be coincidence, people started to take notice.
Biomineral microscopists started searching for the elusive amorphous phase (first in bone, see
Case Study 2). For nacre, this took some advanced tools given that ACC does not stay
amorphous for long. In 2005, Nassif et al.”® used high resolution TEM to find ACC in the region
surrounding a tablet (Fig. 6A,B). People were not fully convinced due to the problems with
applying TEM to beam sensitive materials, which is the case for ACC, and especially biogenic
ACC. Ten years later, Gilbert’'s group made direct observation of ACC precursors in nacre
using synchrotron spectromicroscopy (Fig. 6C,D).”" Her group’s development of advanced
spectroscopic tools, such as the photoemission electron spectromicroscopy (PEEM) and X-ray
absorption near-edge structure (XANES) spectroscopy, have been revolutionary to the
biomineral field. In addition to mapping phases, these tools have provided a means to identify
proto organization of precursor phases. Surprisingly, in the nacre case,”' PEEM did not indicate
a proto-aragonite precursor, as one would expect for nacre. They also found the ACC to be
short-lived, and suggest this is because the ACC crystallizes via iso-epitaxy on the underlying
mineral bridge. This was a fantastic study, but | would have liked to have seen a control ACC
spectrum prepared by a PILP method, rather than ACC formed by some non-physiological
conditions. One has to wonder how the ordering within these proto phases would be affected
by polymer/protein sequestered ion clusters. After all, Belcher et al. had already shown in 1996
that the soluble polyanionic proteins extracted from abalone shell could cause crystal phase
switching.®> So combining these advanced tools with a controllable model system might provide
more mechanistic insight.

A couple years later, in 2017, Macias-Sanchez did a very detailed study on the nanoglobular
structures within immature tablets of gastropod nacre (Fig. 7).72 Surprisingly, their Fast Fourier
Transform (FFT) analysis demonstrated “complex digitiform shapes” of the nanoglobules (Fig.
7A-C). While the individual fingers constituted the crystalline cores of nanogranules, they were
found to be largely co-oriented, suggesting that they must connect in the third dimension.
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Based on the compositional changes going from the amorphous to crystalline phase (Fig. 7D-l),
they concluded that “the final nanogranular structure observed is produced during the
transformation of ACC into aragonite.” The authors argued that their observations did not
support the oriented attachment mechanism proposed by Zhang and Xu in 2013,7® who had
found similarly misoriented nanodomains in the nacre of a bivalve. While | agree about the
unlikelihood of oriented attachment, | don’t fully agree with their description of the amorphous-
to-crystalline transformation, where they state the following: “This is only possible through the
interface-coupled dissolution-precipitation process, which implies the existence of a fluid phase
(partly resulting from H,O released during the transformation of ACC into aragonite). In this
way, reshaping of the overall nanogranular structure of grains takes place by regrowth of the
crystalline phase (which can proceed via a classic layer-by-layer mechanism), until the
nanograins acquire their final shapes, sizes (up to one order of magnitude bigger than the
precursor ACC nanoparticles) and arrangements. This mechanism leads to pseudomorphs,
thereby preserving the nanogranular structure imprinted during the early stages of nacre”.”? |
understand why one would conclude that water must be necessary to enable molecular
motions, but we have observed that PILP films, which were still amorphous when removed from
solution, went ahead and crystallized after air drying. So just the small amount of water within
the precursor film (produced at 4°C) seemed sufficient to enable a pseudomorphic
transformation. It's possible this fits with the author’s description (the caveat that mentions
water in the amorphous phase), but I've seen too many people arguing in favor of dissolution
and recrystallization in bulk solution, so it would be nice if there was more precise wording that
could discriminate between the various mechanisms, given that my description of a
pseudomorphic transformation' was apparently not sufficient. In addition, | do have to wonder
how the interfaces, which as the authors describe become coated with proteins during their
exclusion from crystallization, will have enough surface exposure to be available for dissolution
and recrystallization. At the very least, it's hard to imagine it being uniform. Here is yet another
example of where an in vitro model system, which leads to very similar outcomes and textures
as the biomineral, and which can provide control over select variables, could be used to obtain a
better understanding the A-to-C transformation.

While | was happy to see an amorphous precursor finally revealed in nacre, this was only
half the story in my mind as | am particularly interested in the fluidity of the precursor.
Therefore, | want to return to the initial discussion on compartmentalization. If my explanation
for the thickness of the mineral layers being related to the given supersaturation and
sequestration by polymer was correct, then | wondered- is it even necessary for those
interlamellar sheets to form a compartment? Of course organic layers may provide
biomechanical benefits, and | agree that the porosity and mineral bridging seems to enable
interconnecitivity of crystals across the columnar layers (as does tessellation in the layering of
sheet nacre); but | was still not convinced the matrix is preformed, as suggested by the Schaffer
et al. paper,?” and further supported by Gehrke et al’s clever experiment of retrosynthesis of
tablets within a mineral depleted nacre matrix.”* Those were certainly excellent studies; but
there were some things that didn’t quite add up. For one thing, | couldn’t imagine how the
network of “screw dislocations” found in seminacre (Fig. 8A,B) could be formed within a set of
layered preformed compartments. Secondly, when Yao et al. resolved the large network of
tessellations in abalone nacre (Fig. 8C-F),”> that would seemingly throw a wrench into the idea
of preformed compartments as well. Thirdly, and most convincingly (to me), was the fabulous
set of micrographs in an old 1979 paper by Nakahara (Fig. 9).7¢ This paper is hard to find as an
electronic copy, but it's so valuable, | keep sharing images | had acquired years ago.

Nakahara describes the process as follows,’” “In bivalve nacre, each sheet is formed
independently with the extrapallial fluid, while in the gastropod a relatively thick surface sheet
forms as a first deposit of organic structure, and then thin, ordinary sheets separate one by one
from the surface sheet to form regularly spaced compartments.” However, as can be seen in
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his TEM cross-sectional images of forming nacre, the stacks of organic sheets do not start out
as preformed compartments of tabular thickness (Fig. 9a,b),”® but instead, each sheet appears
to get separated from the stack as it is pushed upward by small bits of mineral until it reaches its
final thickness (Fig. 9c,d). Meanwhile, the mineral is simultaneously expanding laterally until
running into the neighboring column’s tablet to form a mineral filled lamellar “compartment”.
Note- a zoomed region (such as the red box added to Fig. 9c-top) would seemingly appear to
show sheets organized as preformed compartments (as often shown in the literature); but one
needs to step back to lower magnification to see that each sheet is separated only up to the
level of the uppermost sheet being infiltrated with mineral, beyond which the organic sheets are
still present within the stacked sheets (Fig. 9c-bottom). This may seem a trivial point, but my
reason for bringing this up (beyond highlighting the importance of taking representative images)
relates to this “infiltration” mechanism. These images are perhaps suggestive of infiltration via
capillary action of a liquid-like precursor, where the precursor could be drawn through the pores
into the narrow spaces between stacked sheets, where it would expand the “compartment” until
it reaches the natural tabular thickness (~ 500 nm, as found in the PILP model system).
Perhaps there are analogies to intrafibrillar collagen mineralization in bone (see next Case
study)

Let’s consider the alternative hypothesis based on ion diffusion. lons would have to diffuse
from the extrapallial fluid and across the porous interlamellar sheets, given that there are
presumably no ion pumping channels (like one might expect in a cell membrane). The
extrapallial space below the mantel epithelium is very small, estimated by Checa et al. (from
TEM images of bivalve sheet nacre) as being on the order of 100 nm thick (Fig. 10).3" This
brings a memory to mind, back when | was a graduate student presenting my initial PILP
observations in a poster at the 1996 Gordon conference on Biomineralization. A highly
esteemed biomineral expert came to my poster and said he liked the PILP concept because he
had always wondered how enough ions can be provided to a growing biomineral formed within
a membrane-bound compartment (such as urchin spicules, coccoliths, etc.) given that there is
usually very little space, and thus solution volume, and thus ion content, between the forming
mineral and surrounding membrane. He liked the idea that a highly ion-enriched PILP phase
could be slathered onto a growing biomineral for rapid growth. In the case of nacre, | wonder if
some theoretical calculations could determine the rate at which ions would have to be flowing
from the cells into the limited extrapallial volume, without going above crashing out
supersaturation, relative to the mineral deposition rate of forming nacre. This could be
compared to the addition of an inhibitory polymer that stabilizes the solution against classical
nucleation, while sequestering ions into an ion rich phase for rapid mineral deposition.

The porosity of the interlamellar membranes was described by Schaffer et al.?” as a
statistical random network, so one might ask- what would create the relatively uniform lateral
spacing between the columns of tablets? | suspect this arises from the spacing between the
overlying cells in the mantel epithelium, from which the proteins are secreted into the extrapallial
space. In the PILP model system, we have observed whitish streaks in the solution from
vertical “strands” of connected precursor droplets sinking from below their point of formation at
the air/water interface near the ammonium carbonate diffusion membrane.”® So it is not hard to
imagine that vertical strands of precursor droplets might deposit directly below each epithelial
cell as the secreted proteins induce the aggregating precursor colloids (Fig. 10C). | think the
cellular dimensions are commensurate with the spacing between nacre columns, but | would
love for a microscopist to see if this hypothesized cell/column alignment is found in the
biological system. Direct proof of a PILP type mechanism would be difficult if not impossible to
obtain in vivo, but the value of the in vitro model system becomes clear; direct observations
could be obtained, which then offer new hypotheses of potential mechanisms.

Thus far, I've not talked about sheet nacre (in bivalves), which forms quite differently than
columnar nacre (in gastropods). Rousseau et al. (2005) used a novel approach to examine
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forming sheet nacre from both the mantle side and nacre side by using a methacrylate fixative
to fracture the two sides.” Their focus was on the Voronio model of tablet tiling, but | was
fascinated to see the rounded mineral tablets which appear as whitened patches that gradually
materialize within the sheet (Fig. 11A). Notably, the Raman peaks are the same for the
brightened patches and whatever goo is surrounding them (Fig. 11C,D), suggesting a similar
composition. So perhaps the goo is composed of some densifying ACC/organic matrix, with
excluded organics ultimately leading to the inter-tabular and -lamellar membranes. The authors
concluded that “a viscous fluid is necessary to shape the compartment and define its thickness”.
In light of what is known from the PILP model, it isn’t hard to envision that such a sheet could be
a PILP type film (but containing a large amount of biogenic matrix), within which the
densification would emerge during an amorphous to crystalline transformation. | would love to
see a more in-depth compositional study, which could provide information about this unique
mineralizing goo. According to a 1996 paper on sheet nacre, the organic matrix was described
as containing a silk-like protein, along with chitin, and an assemblage of hydrophilic
glycoproteins that are rich in aspartic acid.2® I'm not sure why silk fibroin or chitin, neither of
which are soluble in water, would form a hydrogel, so | assume the Asp rich glycoproteins were
responsible. In addition, Mary Marsh had a series of papers back in the 80s that discussed the
prevalence of phosphoproteins in the extrapallial fluid.8'- 82 Notably, we found that
phosphorylated peptides were highly effective at promoting the PILP process, even at low
molecular weight (unpublished results). Therefore, it wouldn’t be surprising that these Asp- and
phospho- rich glycoproteins could induce a PILP-like amorphous precursor. These intriguing
sheet nacre observations lead to an interesting question- what would happen to a PILP like
precursor that is deposited onto a relatively hydrophobic matrix?

Hovden et al.®3 employed a wedge-polishing technique adapted from the semiconductor
industry to prepare large electron-transparent region that encompassed the whole prismatic-to-
nacre transition zone in Pinna nobilis, which is a bivalve that forms sheet nacre. They observed
aggregation of nanoparticles (50—-80 nm) within an organic matrix that arranges in fibre-like
polycrystalline configurations before particle accretion, as seen in early stage nacre (Fig. 12). |
found this presentation to be confusing, because the authors conclude that “the particle number
increases successively and, when critical packing is reached, they merge into early-nacre
platelets”. But | don’t think one can infer that a transition zone in space is the same as a
transition in time. Even though it is the direction of the nacre formation front, this is an interface
where the cell secretions are switching over to produce two very different compositions and
phases, so amorphous nanoparticles, while not yet in the zone to be incorporated into a tablet,
will appear polycrystalline at this later timepoint after sample preparation. An alternative
interpretation of these images could be that there is “condensation” or nucleation of some
mineral phase on the fibrous matrix that is still lingering from the prismatic zone (the authors
even suggest it is the same organic matrix). Given that those fibrous paths end in the regions of
disordered tablets makes, it's possible that this matrix is actually hindering the ability for these
mineral precursors to fully densify into the single-crystalline tablets, before the zone is finally
reached where only the proper nacre proteins are secreted.

In any case, if we accept that sheet nacre does form by a particle accretion mechanism
(whether amorphous or crystalline), as indicated by the many papers that now show nacre’s
nanogranular texture, then the accretion and densification would seemingly be responsible for
the whitening patches observed in Rousseau’s study (Fig. 11A).”® The melding of nanoparticles
into single-crystalline tablets suggests the precursor must have, at the very least, gel-like
properties. | proposed this option of PILP and biominerals forming from a viscoelastic hydrogel
in my Colloid Assembly & Transformation paper,® with the intent of putting the focus more on
the coalescence behavior of a mineral precursor, rather than on if, or how long, it remains a
liquid. How such a precursor phase would behave when formed within such biogenic matrices
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would be a very interesting system to study. This could readily be done by combining the PILP
model system with biogenic matrices.

The nacre case study highlights the inherent limitations of microscopy in studying the
dynamic processes that occur in biological tissues, and especially when one is operating with
the wrong set of assumptions (e.g., based on classical crystallization theory). However, it also
highlights the value of in vitro model systems, which can be studied in situ, and with
manipulation of variables of interest, to enhance our understanding of the physicochemical
reactions that take place in potentially related non-classical crystallization process. Notably, it
was a plain old fashioned polarized light microscope that enabled the discovery of the PILP
model system,'* which to my knowledge was the first non-classical mineralization process to be
suggested for invertebrate biomineralization (except amorphous phases described in the iron
oxide biominerals of chitin and limpet teeth). Obviously, many advanced microscopy tools have
played an important role in elucidating these intriguing features of nacre, but | believe, if we truly
want to understand biomineralization mechanisms, we need to employ a combination of tools
and model systems which enable a comparative analysis between “mineralogical signatures”
that can help decipher formation mechanisms.

2.2 A Case Study in Vertebrates: The Bone Story

The vertebrates do not straightaway present the beautiful microscopy images one finds for
the elaborate non-equilibrium morphologies of the invertebrates, because bone is organized into
various hierarchical levels of structure (Fig. 13)25 Nevertheless, there were various enigmatic
features discussed in the earlier literature on bone, but these features were found mostly at the
nanoscale, where, for example, one couldn’t readily see the hydroxyapatite (HAp) crystals in
SEM because they are intimately intercalated within the collagen matrix. High levels of
expertise were required to image the interesting features of bone, and even now, more levels of
bone’s hierarchical structure keep being resolved.? Back in the early days of my career, |
learned a great deal about bone’s hierarchical structure from the exceptional works of Weiner,
Wagner and Traub.?”-8 This earlier work was focused on the relationship between mineral and
collagen matrix, such as resolving whether the nanocrystals were intrafibrillar or interfibrillar.
Another debate was if bone’s tiny nanocrystals were platelets rather than needles, the latter of
which was commonly perceived due to the appearance of dark thin streaks within collagen
fibrils.

In the first conference on bone | attended, the hot debate of the day was on the role of the
matrix vesicles found in the extracellular matrix of bone osteoid- were they transporting ions or
crystals to the collagen fibrils (Fig. 14)?%° | didn’t think the latter hypothesis made much sense
given that it didn’t seem possible for crystals to be transported into the interior of collagen fibrils.
So | figured the streaks of crystals were caused by beam damage. However, even more recent
images have been rather convincing that crystals sometimes formed in the vesicles before they
reach the fibrils, and still produce mineralize the neighboring collagen as well (Fig. 14C-E).?0 It
should be noted, however, that these images always show a low density collagen matrix, with
an appearance similar to primary bone formation, which is a rapid process of cartilage
calcification. In cartilage calcification, one sees many matrix vesicles that form into large
calcification nodules between the more disorganized and lower density collagen matrix (which is
comprised of mainly type 2 collagen), so this always seemed very different from the parallel-
aligned high-density collagen in secondary bone (e.g., the cortical bone region in Fig. 14A). It
was generally thought that primary and secondary bone form by very different mechanisms.
Interestingly, when we mineralized a low-density extracellular matrix (from kidney tissue), our
TEM images showed similar globules with crystallites growing within them (Fig. 14F,G).°" Even
though crystallites were already forming, dark streaks of collagen mineralization were also
emerging, which appear remarkably similar to that shown in Fig. 14C-E.*® Perhaps things
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proceed differently in these low density extracellular matrices, with a mixture of intrafibrillar
nanocrystals and extrafibrillar nodules. | recall having a difficult time deciphering that older
literature as to ®?whether cartilage calcification leads to intrafibrillar mineral, because it was
generally thought that type 2 collagen doesn’t mineralize in that way. And even now, it can be
confusing comparing the different bone types (Fig. 14A MB vs CB). In any case, it is worth
noting that, even in the very early literature (before my time), an amorphous phase was
frequently mentioned as being present in these matrix vesicles; however, | would say it's
significance wasn’t realized. The focus was usually on potential epitaxial relationships between
HAp and collagen, or non-collagenous proteins bound to collagen.% %

One of the enigmatic features of bone back in the day was- how does it form such a high
degree of mineralization, roughly 60 wt%? In bone, this high degree of mineralization arises
from the intercalation of nanocrystals within and around the collagen fibrils, so this intrafibrillar
mineralization was really the enigmatic feature, given that most attempts to mineralize collagen
in the beaker at that time led to an extrafibrillar crust of platy spherulites. | recall one clever
approach to achieving this high degree of mineralization in vitro was by soaking collagen
matrices in alternating mineral salt solutions.®® While they did reach a high degree of
mineralization, comparable to bone, the nanostructure did not resemble bone (Fig. 15). Again,
the simple PILP model system came to the rescue. First, in 2003, we tested calcium carbonate
since we knew how to make a CaCO; PILP phase. It did seem to infiltrate collagen fibrils, but
there were these odd disks of mineral orthogonal to the fibril axis as well.?6 97 But once the
conditions for calcium phosphate were realized in 2007, it naturally formed nanocrystals of
hydroxyapatite aligned parallel to the fibril, producing an interpenetrating composite that closely
emulated bone’s nanostructure (Fig. 16).%8 Serendipity again!

Long before our discovery, in 1993 Landis et al. had done some fabulous tomographic
imaging of mineral forming within turkey tendon (a valuable biological model system), and
described how “a crystal is not confined by the length of either the collagen hole or overlap
zone” (Fig. 17).%° | considered this important because it was providing a clue that, once again,
the gap zones were not little compartments that crystals grew within, but that something was
driving infiltration of mineral throughout the whole of the collagen interstices (between collagen
microfibrils,'® as collagen structure became more resolved). Therefore, we proposed a
mechanism of capillary action being responsible for the infiltration of nanodroplets of mineral
precursor.?® However, | can’'t say that we directly observed a liquid phase of calcium
phosphate, like we had for calcium carbonate, because the CaP precursor “droplets” were
incredibly small (13 - 16 nm).'°! Instead, we were operating on the assumption that polymer
interactions with CaP were probably similar to those in CaCO;. And the wobbling particle
shapes seen in nanoparticle tracking analysis was supportive of the concept of liquid-like
precursor droplets.02

I like to think that our success in emulating bone’s intrafibrillar nanostructure prompted the
biomineral community to revisit the issue of an amorphous precursor in bone. In 2008,
Mahamid et al. provided strong evidence of an amorphous phase in bone by examining the
continuously growing fin bony rays of zebrafish (Fig. 18).19 In their 2010 follow-up paper, they
mapped the ACP delivery from cells to collagen matrix (Fig. 19), revealing how “mineral bearing
globules appear to be fusing into the collagen fibrils within the growth zone”.'%4 Although the
authors hypothesized that nanoparticles were released into the fibrils, | think the “whitening”
along the length of the fibrils (highlighted with backscattered imaging, Fig. 19C,D) seems
unlikely to be nanoparticle transport along the circuitous path within a fibril. The visual
appearance seems more like something that might be expected for capillary infiltration. This
group then did another beautiful cryo-EM study of developing mouse calvaria and long bones,
showing osteoblasts actively produce disordered mineral “packets” within intracellular vesicles
which are then transported for mineralization of the extracellular matrix (Fig. 19E-G).19°
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Interestingly, they determined these packets are initially enriched in phosphate, and gradually
sequester calcium within the vesicles.

In 2010, Nudelman et al. skillfully made good use of our in vitro model system in their
studies using in situ cryo-TEM to examine collagen fibrils becoming mineralized in the presence
of polyanionic additives (Fig. 20).'% They produced some amazing images showing tiny
amorphous nanoparticles lined up at the a-bands where they seem to infiltrate into the gap
zones of the fibril (Fig. 20B-D), and then spread amorphous material toward the interior of the
fibril, from which the dark streaks of nanocrystals emerge (Fig. 20D). Amazingly, their images
looked just like our previous schematic of the proposed PILP infiltration mechanism, with tiny
nanodroplets lined up at the gap zones (Fig. 20E)."” Lucky guess? Not really. We surmised
that the precursor phase had to be pulled inside the fibril somehow given that we often saw
fibrils with purely intrafibrillar mineral and no external crust (Fig. 16C,E).102 108

Nudelman et al's cryo study beautifully revealed what was happening in our model system,
but they proposed a different infiltration mechanism based on particle diffusion. It wasn’t clear
to me why diffusion would lead to more mineral in the interior of the fibril, figuring that particle
adsorption would occur all along the diffusion path before even reaching the interior. That riddle
seemed to be solved by Niu et al. in 2016,'° who proposed an alternative hypothesis based on
a Gibbs-Donnan effect (which | am embarrassed to say, | had never heard of). Their hypothesis
is something of an expansion of the Price et al. hypothesis of “mineralization by inhibitor
exclusion”, % which produces the need to balance electroneutrality with osmotic equilibrium
(Fig. 21). Niu et al. proposed that stress relaxation of the viscoelastic fibrils provides the driving
mechanism for the influx of the polyelectrolyte-stabilized mineralization precursors. In fact, they
examined both polycationic (poly(allylamine) hydrochloride, PAH) and polyanionic (polyaspartic
acid, PAsp) process-directing agents to stabilize the amorphous precursors. While it makes
sense that the Gibbs-Donnan equilibrium would provide the driving force for infiltration, there still
are observations that are hard to reconcile with that mechanism. Namely, why do other bivalent
ions (Mg, Sr, Ba) dramatically disrupt the process (unpublished results)? And also, studies on
bone formation have always shown the involvement of particles, matrix vesicles, which
seemingly wouldn’t be necessary by that mechanism alone.

| should mention, there was an alternative hypothesis on bone formation presented by Wang
et al. in 2012,""" that | fully disagree with. They argued that collagen alone, without non-
collagenous proteins, could lead to intrafibrillar mineralization. It was true that intrafibrillar
mineral was created in vitro using their method; but the implications for relevance to bone
formation were misleading. Their method used a very high, non-physiological, ion
concentration, such that amorphous mineral became entrapped within the fibrils as they were
forming. Although not discussed, this presence of an amorphous phase was indicated by the
3P MAS NMR spectrum (in their Supplementary Fig. S10). In light of the Mahamid et al.
papers'03-105 on forming bone (as well as most of the bone literature), it is clear that the collagen
matrix is laid down prior to the addition of amorphous phase, which is then transported to the
matrix in matrix vesicles (as described in the older literature) or amorphous mineral-bearing
globules (in the more recent papers). Thus, while Wang’s fabrication of a bone-like
nanostructure may have valuable biomedical applications, their approach doesn’t seem relevant
to providing an understanding of bone formation (as was directly implied in the paper).

Another long-standing enigmatic feature of bone had been the [001] crystallographic
orientation of the hydroxyapatite nanocrystals. In the old days, it was assumed to be due to
some epitaxial type relationship between crystals and collagen. Indeed, my attempt to publish
our exciting results in Nature was rejected because a reviewer said “Less than a year ago, the
crystal structure of osteocalcin was published by Nature, suggesting very strongly that epitaxial
growth in bone is likely to be one of the mechanisms by which the magnificent structure of bone
is formed.” This paper that was cited (Hoang 2003)% didn’'t generate any bone-like structures; it
just modelled which crystal face of HAp might osteocalcin bind to. Our results did, however,
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produce the proper bone-like crystal orientation; but that apparently was not enough to
overcome the bias of that reviewer.

When we discovered that the PILP mineralization naturally led to the [001] orientation,%
using only polyaspartate as the process-directing agent, it became apparent that a specifically
nucleating non-collagenous protein was not needed to control HAp orientation. Therefore, we
proposed that “the uniaxial orientation of the crystals may simply result from a uniaxial
constraint of the common spherulitic growth pattern of HA within the collagen fibril, rather than
any specific epitaxial type interaction”. This concept of physical confinement was nicely
demonstrated by Cantaert et al., who designed a clever experiment using nanoporous track-
etch membranes to demonstrate that nanoscale confinement leads to [001] oriented growth of
HAp due to the more rapid growth direction becoming dominant (Fig. 22).""? | loved the
experiment, but did find their discussion odd, where they state: “A striking feature of
mineralization of collagen fibrils, which we have not been able to investigate herein, is the ability
of CaP to infiltrate so effectively into the 2—6 nm gaps in collagen fibrils. It is hard to imagine that
this does not derive from the specific chemical structures, and indeed interplay between the
collagen matrix and non-collagenous proteins, as is fully consistent with the literature.”
Consistent with what literature? Literature using in vitro models had already shown that CaP
precursors could infiltrate collagen interstices, and therewith lead to oriented growth (as they
demonstrated), without the use non-collagenous proteins (NCPs). So here again is that bias
that biologists expect protein interactions to involve specific molecular recognition. When we
later demonstrated that the same intrafibrillar mineralization process could be induced with
osteopontin,’'3 and much more rapidly,'%? this garnered more attention from the biology-minded
community.

Xu et al.,"™* then extended the physical confinement concept further by using X-ray
diffraction (XRD) to determine that the voids in collagen fibrils contain cylindrical pores with
diameters of ~2 nm. They also examined collagen mineralization with HAp, CaCO; and y-
FeOOH, and concluded that “confinement within these pores, together with the anisotropic
growth of HAp, dictates the orientation of HAp crystals within the collagen fibril” (Fig. 23).” The
y-FeOOH also led to aligned needles within fibrils, but the mineral didn’t reach the interior of the
fibrils as effectively (Fig. 23A-D). Again, this was a wonderful expansion of our in vitro model
system. However, | might have interpreted things a little differently in looking at some of their
data. For example, the Supplementary Movie 5 shows filaments of precursor phase, which
appear as chains of stippled dots, seemingly enter into the collagen fibril, and remain connected
along circuitous paths (this can be seen if one moves the video forward and back) (Fig. 24).
The visualization of these filaments staying connected even as they traverse into fibrils along
the interior channels could be supportive of the concept of capillary infiltration. However, one
would not expect a liquid phase to appear as stippled dots. Yet advanced imaging paper by
Sommerdijk’s group has shown a stippled appearance to the PILP precursor for CaCO; ''5 and
stippled amorphous and early crystalline phase of calcium phosphates is seen in several papers
(e.g. the early crystallites in matrix vesicles in Fig. 14D,E).*° This may suggest that the mineral
precursor’s fluidity is caused by the flexible polyelectrolytes that hold the collection of
nanoclusters together. If this is correct, it seems like quite an interesting form of matter.

As | brought up earlier, which is further exemplified in the Xu et al. Movie S5,''* there
appears to be more mineral at the interior of the fibril. So once again, it is hard to envision this
as being diffusion of a stream of nanoparticles along these circuitous paths. In addition, I think it
should be emphasized that the confining channels within which the crystals grow are in reality
channels of amorphous phase, not voids in the collagen, as implied by the paper. It's possible
that the amorphous phase seeps its way throughout the interstices, creating its own channels,
with the driving force being capillarity and/or Gibb’s-Donnan. In other words, | don’t think a pre-
existing compartment is necessary, and in fact, capillarity will be stronger in narrower channels.
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If the amorphous precursor had infiltrated all around the quasihexagonally arranged microfibrils,
it solidification and crystallization would result in “platelets” with a curving irregular morphology.

The work by Xu et al.’ nicely bolstered the earlier studies by Landis et al. (1993),% by once
again demonstrating that the crystals are not confined to the dimensions of the gap zones, nor
are they actually flat platelets, as mentioned above. | bring this up because it seems many
computational simulations of bone mechanics often show little isolated flat platelets residing in
the gap zones. | believe it was Rosen et al. (2002)""® who first showed (as others did later)% 117
that the high degree of mineralization in bone would lead to an interpenetrating composite; yet
the overly simplistic view of nanocrystals in gap zones often prevails. In my opinion, the
concept of an interpenetrating composite is incredibly important because once the percolation
threshold is surpassed, one gets a very brittle composite. This is something we learned from
our in vitro model system, where we had spent so many years optimizing the conditions to get a
high degree of mineralization, we actually overreacted the mineral content, and our composites
became flaky and brittle. In fact, once when we failed to get a high degree of mineral infiltration,
we made a nice tough mineralized collagen scaffold that behaved more like antlers
(unpublished results). This is another area that could benefit from more study.

With respect to mechanical properties, we came to realize that isolated fibrils just get brittle
when mineralized. Thus, another important feature of compact bone is the densely-packed
quasi-parallel arrays of collagen fibrils. We began a collaboration with collagen expert Jeff
Ruberti, who was able to make highly organized dense arrays of collagen using the ‘molecular
crowding’ approach.'® This basically capitalizes on the liquid-crystalline properties of the highly
anisotropic collagen molecules. This was a controversial issue back in the day, when biologists
preferred to believe that the cells were solely responsible, but Marie-Madeleine Giraud-Guille
did a remarkable job of demonstrating the similarities between extracellular matrices and liquid-
crystalline textures (Fig. 25A-C).""® In fact, if one looks through all the schematics in Carter’s
1990 book on “Skeletal Biomineralization: Patterns, Processes and Evolutionary Trends”,'2° you
can see that many biomineral textures resemble liquid-crystalline textures, particularly the
textures containing splay. Perhaps this points to an interesting form of matter, as mentioned
above. Using Ruberti’'s dense collagen arrays, our team was able to expand our bone mimetic
structure to the third level of the hierarchy represented in Fig. 13, with nanoscale organization
based on intrafibrillar mineralization, to microscale organization through the use of densely-
packed collagen arrays (Fig. 25D-F).121. 122

Over the years, with more and more advanced tools being developed, further refinements
have been made in resolving bone’s complex 3D structure (Fig. 26). Reznikov et al. now
describe Xl levels of bone’s hierarchical structure in their schematic.’?? So apparently, we still
have a ways to go in fully emulating bone’s hierarchical structure, which became painfully clear
when the mechanical properties of our biomimetic bone did not fully emulate those of bone. |
think the cross-fibrillar architecture demonstrated by Reznikov et al. (Fig. 26D) may be an
important aspect that deserves further study. | would be happy to consult on such a venture,
because | still believe that by emulating bone’s composition and hierarchical structure, this
approach will one day enable the fabrication of load-bearing, bioresorbable biomimetic bone
substitutes.

In conclusion, the bone case study also demonstrates the value of a good in vitro model
system. Firstly, there was such a good correlation between the mineralogical signatures found
in vitro to those in real bone, | think this pushed the biomineral microscopy community to re-
examine bone formation, which had, years earlier, abandoned the amorphous precursor theory.
But with modern tools, scientists were finally able to find much more convincing evidence of the
amorphous precursor, and more importantly, its relevance. Secondly, the PILP model system
was capitalized on by several groups for studying in vitro how intrafibrillar mineralization of
collagen can be achieved. There are still issues of debate, so | hope this model system can be
further utilized to help fully resolve mechanisms. In the case of bone, understanding of how
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intrafibrillar mineralization is achieved is extremely important, not just for understanding bone
biology, but also for emulating bone’s processing to fabricate the next generation biomimetic
bone substitutes.

3 Evolution and Serendipity

Returning to the topic of defect textures, the invertebrate biomineral story became
particularly interesting when it was shown that the nanogranular/nanocolloidal texture present in
the PILP formed tablets was ultimately found to occur in nearly all CaCO; biominerals (that | am
aware of), supporting the premise that a CAT process arose early in the evolution of
biominerals. Indeed, Gilbert’s group has beautifully demonstrated that early calcifiers also used
a “crystallization by particle attachment” mechanism to form their biominerals, and suggest that
convergent evolution may have been dictated by the same thermodynamics and kinetics
observed today.'?* | used to get a chuckle when I'd hear people talk about how nacre was
designed to give it remarkable mechanical properties. Those mollusks don’t have a brain to
design anything; it's evolution capitalizing on serendipitous mutations that led to some
improvement of a property that improved the likelihood of reproduction.

In retrospect, the use of an amorphous precursor should not be surprising given that the
earliest forms of biominerals must have arisen from the need for cells to control calcium levels (I
would like to cite this idea, but | don’t know where | have seen it in the literature). It is easy to
imagine that relatively simple, charged proteins could have sequestered ion clusters off into a
less harmful solid amorphous phase, and then when such ions were needed for cellular activity,
they could be more readily retrieved from the stored amorphous phase. One could understand
how these relatively simple “primitive” IDPs could easily evolve into the process-directing agents
that modulate biologically-controlled biomineralization, where mineral features that used to
seem very different (fibers vs. tablets, etc.) are, in actuality, more related to cellular control over
matrix or compartment, which mold and shape the precursor phase into an infinite array of
morphologies.

With respect to vertebrate evolution, bone’s metabolic function seems to rely on maintaining
a poorly-crystalline nanoapatite phase. The old literature referred to this as paracrystalline, 2%
126 which might actually be a better descriptor as it seems likely that nanocrystals of this
extremely small size (which are smaller than synthetically produced hydroxyapatite
nanocrystals) would not be stable if it were not for them being embedded within and protected
by the collagen fibrils. Biologically, it's then a relatively simple task for the collagen to be
enzymatically removed, exposing the paracrystalline mineral for dissolution under mildly acidic
conditions, thereby enabling calcium transport and/or bone remodeling.

The PILP process was apparently a difficult concept for the biomineral community to grasp
given the entrenchment of protein tertiary structure in the biologist’s education (i.e., globular
protein’s lock-n-key interactions). So quite a few biomineral enigmas needed to be
demonstrated with the PILP model system to finally gather interest. This included mineral
tablets and films,'3 "4 mineral fibers,%" 127-129 2D templated films,33 130 3D molded mineral with
curved surfaces, 3! high-Mg calcite,'3? transition bars®® and concentrically laminated
spherulites,®® 60 mineral fusion,'* tessellated layering, nanogranular texture.3® 2 These have all
been reported on, so there is no need to repeat that here except to point out that many of these
reproduced features were not being deliberately tested, but rather serendipitous discoveries as
the PILP system was further explored by some devoted students. This model system has also
been useful for developing methods to remineralize dentin carries,'33 134 fabricate hard-tissue
engineering scaffolds,'35 136 and for studying pathological mineral deposition.55: 60. 91, 137, 138

The serendipitous nature of the PILP discoveries is an appealing aspect with respect to
considering the evolutionary aspects of biomineralization, given that evolution relies on
serendipity. Rather than considering the complicated nature of trying to design molecular
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recognition between protein-crystal faces (as was required for pseudo-epitaxial or stereospecific
mechanisms), and which differs for each species of a given organism, etc.., it seems much
easier to envision that a broad class of charged proteins could provide the inhibitory features
needed to block undesired crystal nucleation, while simultaneously serving as a process-
directing agent that enables the molding and shaping of the amorphous precursor phase without
the surface energetic constraints of faceting. Thus, the control of mineralization by IDPs is
mainly through kinetics, while cells provide the spatiotemporal control needed for creating a
confined reaction space, such as a biomineral compartment or matrix, and cells had already
evolved these abilities. | suspect if someone with expertise in this area were to examine the
Cambrian explosion, the “burst of biomineralization” might involve the development of IDPs that
induce something like a PILP/CAT mechanism.

3.1 Addendum: Infiltration across Semipermeable Membranes

The day after | submitted this paper, a new paper came out with experiments that seem to
address the issue of mineralization across a semipermeable membrane: (Lu, Y. et al. (2025)
Tailoring Self-Organized Growth of Biomimetic Inorganic—Organic Multilayers with a Permeable
Microcompartment. Small, n/a, 2503097). Dispersed nanosheets of graphene oxide (GO) were
spin coated to form a membrane, and as mineralizing solution infiltrated across the membrane,
it lifted off the substrate to create a compartment, within which a self-organizing multilayered
structure was formed that resembles nacre. This was a nice set of experiments with fascinating
data, but | don’t agree with their interpretation of the mechanism. Notably, their mineralization
system also included polyaspartate, and under the exact conditions that lead to PILP films, yet
PILP was never mentioned. It was evident in their negative control reaction, without GO
membrane (their Fig. S2), that the thin film morphology was a result of the PILP process.
Therefore, it is not clear to me how measurements of ion diffusivity across the membrane are
relevant given that many of the ions will be incorporated within PILP droplets throughout the
solution. Plus, it is possible that the PILP phase might infiltrate across the nanoporous
membrane via capillary action, rather than ion diffusion. So while this nice experiment was
close to what | was wishing for regarding the Nakahara discussion (except | was envisioning
PILP infiltration across a stack of multiple nanoporous sheets), unfortunately the authors didn’t
even consider this possible infiliration mechanism.

While the authors did not consider the PILP process in their solution, they did propose a
liquid—liquid phase separation scenario as occurring WITHIN the compartment. They suggest
the liquid-liquid phase separation between a CaCOg-rich and a PAsp-rich phase leads to the
self-organizing multilayered structure. Given that their mineral film is obviously a PILP formed
film, it is possible that the periodic pAsp interlamellar layers could be related to the PILP
phenomenon we described as transition bars. Consider for example our nanolaminated tablet
shown in Fig. 3E; although we didn’t perform PFIR characterization as they did, one could easily
imagine there might be excluded polymer between those regular sublayers.

More generally, their discussion on how the polymer inhibits crystallization outside the
compartment brings to mind the inhibitor exclusion hypothesis proposed in the earlier literature
for collagen intrafibrillar mineralization. And given that polymer exclusion is at the foundation of
the Gibbs-Donnan equilibrium, it makes me wonder if that is actually the driving force for this
mineral infiltration across their GO membrane that creates the compartment. And this made me
wonder- is the Gibbs-Donnan affect involved in nacre formation, across those interlamellar
sheets identified by Nakahara? | find this an interesting thing to contemplate, that perhaps a
similar infiltration mechanism is occurring for very different biomineral systems, from
invertebrates to vertebrates, who make different semipermeable membranes to create their
various expanding mineralization “compartments”.
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4 A (Biased) View on the Future of Biomineral Research
4.1 Will Machine Learning and Al Play in Biomineral Research?

Nowadays, it seems most people think artificial intelligence (Al, or machine learning) will
make huge contributions to future research. Maybe I'm too short-sighted to recognize how, but
in the field of biomineralization, | think a word of caution is needed. In my day, it was all about
computational modeling. Of course that has contributed greatly to many scientific disciplines,
including materials science, but in the field of biomineralization, that is debatable. In fact, |
would argue that computational studies have often been misleading. | already mentioned above
my experience with the reviewer for our paper submitted to Science, who discounted our
hypothesis on intrafibrillar mineralization of collagen by claiming that this couldn’t be how bone
is formed because a computational model supported the possibility of a potential epitaxial
relationship between a face of hydroxyapatite and osteocalcin. The problem was,
computational simulations had been operating under the wrong set of assumptions for many
years because they were based on classical crystallization mechanisms. So, in the early years,
they were modeling epitaxy or stereospecific interactions between amino acid residues and
crystallographic faces. At least later it was realized that organics likely interact with crystal step
edges. Nevertheless, given that crystal faces are not present when the amorphous phase is
deposited (when the morphology is actually being molded), those studies were irrelevant.
Things improved a little when it was discovered that prenucleation clusters and/or liquid
condensed phases might be the reactive species during mineralization reactions. But these
often modeled interactions with carbonate, without including bicarbonate, even though it is the
dominant species at neutral pH. It likely plays a role in stabilizing the amorphous phase. But
overall, from my perspective, the most relevant system to model would need to include liquid-
liquid phase separation, while including water, polymer, ions and ion clusters, which as far as |
am aware, is beyond the scope of computational simulations. I'm sure there must have been
some useful computational studies, but | don’t know since | stopped reading that literature years
ago when | had already realized that biomineralization did not follow classical crystallization
processes.

This discussion leads to another word of caution, because it’s not just computational studies
that seem to magically show what they expect to find; microscopists are prone to the same
problem. And even more broadly, | would caution against hypothesis driven research.
Scientists often “see” the data that fits their hypothesis and inadvertently overlook the data that
does not. It's not usually deliberate; it's simply human nature to want and expect your
hypothesis to be correct. With imaging, this can be a severe problem, and especially when one
is choosing to show the most representative image. | would prefer to see all 100 images that
were taken, but of course that is not feasible in the literature (but it is with one’s graduate
student).

Back to Al. Al is based on prior literature (or web pages, yikes), so if much of the prior
biomineral literature is incorrect, being based on the wrong assumptions relating to classical
crystallization theory, how will Al be able to discriminate that? Having said that, | do see where
Al might be useful for microscopy, being able to screen hundreds of images to search for things,
but | just hope it is searching for the correct thing.

4.2 In Vitro Model Systems of Biomineralization

As much fun as it is to discover the cool secrets hidden within these biomineral gems, I'm
not sure how much more useful information can be obtained from the advanced imaging tools
that are being developed, at least not from a materials processing perspective. There may be
more things to learn with respect to biomechanical design, or biological evolution, etc., but |
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think there are better ways to resolve the mechanistic aspects. These will still involve
development of advanced imaging and analytical tools, but | would argue that they should also
be applied to other model systems to determine if there are correlative features, which | like to
call “mineralogical signatures” of biomineralization.

A particularly striking example of mineralogical signatures is the nanocolloidal texture found
in PILP formed films. Given that a nanocolloidal texture has now been found in nearly all
biologically-controlled biominerals (and pathological as well'®°), | proposed that a PILP-like
process,34 or more broadly, a Colloid Assembly and Transformation (CAT) process,? may lie at
the foundation of nearly all biomineralization processes. Yes, that was a grandiose claim. But
as further advancements in microscopy ensued over the years of my career, it seemed that
nearly all literature examples kept lending support to this hypothesis. People kept discovering
things that | had witnessed in vitro and known all along. For example, lattice strain or shifting
orientation in single crystals, crystallographic splay and spherulitic textures along gradients, etc..
| don’t make these grandiose claims as a narcissistic play to gain attention for myself, but as a
desire for more attention to be paid to a model system that | believe can help answer questions
and resolve mechanisms that could never be ascertained from snapshots of forming
biominerals.

Contrary to my perceived zealousness, | don’t believe PILP is the whole story; it's actually
just the beginning of the story. There are many unanswered questions and so much more that
could be learned from this model system, so | hope others will continue using it to better
understand protein/polymer interactions in modulating non-classical mineralization reactions. |
may have retired from teaching, but | am not running short on ideas for research projects, so |
am happy to consult and assist others with writing proposals and consulting on grants.

Some unanswered questions that still need to be addressed:

1) What is the influence of protein primary structure (AA sequence) on sequestration of ion
clusters, stabilization of amorphous phase(s), fluidic or viscoelastic properties of the
amorphous phase, and transformation of the amorphous phase to the crystalline phase?

a. Influence of AA composition versus sequence, charge density and type, and
overall protein length versus ID domains
b. Influence of # and type of post-translational modifications
i. Phosphorylation and glycosylation functional groups and concentration

2) What is the influence of substrates on nucleation of the crystalline phase within the
amorphous precursor?

a. How substrate/matrix dictates transformation kinetics, crystal texture (single vs
polycrystalline, defects)

b. How substrate dictates crystal location (and thus size), crystal orientation and
phase.

3) What is the mechanism of infiltration (i.e. transport) of mineral precursor into organic

matrices (such as collagen and chitin).
a. Capillary action vs. Gibbs-Donnan, or both, or other?
b. Why/how does temperature influence collagen structure and/or infiltration

4) What is the influence of temperature?

a. Lower temperature promotes CaCO; PILP formation, but reduces transformation
rate
b. Collagen infiltration is degraded at temperatures lower than 37C.
i. Would marine animal collagen be more stable?

5) What is the influence of inorganic impurities/additives?

a. Why does Mg-ion strongly promote CaCO; PILP films but inhibit CaP collagen
intrafibrillar mineralization (as does Sr and Ba)
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6) What is the influence of organic impurities/additives?
a. Citrate influence on collagen mineralization
b. Collagen crosslinking influence on mineralization
c. How to control the degree of collagen mineralization to avoid embrittlement
d. How do glycosaminoglycans (GAGs) influence collagen assembly and
mineralization?
i. How to advanced glycation end-products (AGE) affect collagen and
mineralization
7) Are similar mechanisms involved in pathological biomineralizations?
a. Ubiquitous nature of concentrically laminated spherules
i. Initiated with amorphous particles/droplets?
ii. Exclusion of impurities leading to layers?
8) Is the liquid-liquid phase separation in cellular processes similar to LL phase separation
in PILP and biomineralization?
9) What other inorganic systems could this process be applied to?
a. Can we make advanced functional materials?
i. Types of polymer/protein interactions with inorganic species
b. Is thin layering required to enable solidification? (protein and water exclusion?)
c. Can we control the spatiotemporal aspects that is accomplished by cellular
processing in biology?
i. Is enzymatic cleavage of proteins as a means for modulating inhibitory
activity and thus process-directing agent activity dynamically throughout
biomineralization

4.3 Development of an In Vivo Model System for Studying Biomineralization In Situ

Some of the most valuable biomineral discoveries have been based on in situ examination
of biomineralization occurring within a living organism. | consider the work by Beniash et al. on
sea urchin larval spicule formation as being revolutionary. 4% 141 Notably, much of the
information from these studies was also obtained with optical microscopy, because it provides
the distinct advantage of enabling in situ observations. With the development of a plethora of
labeling tools, there’s no doubt that such tools have proven incredibly valuable to the biological
realm overall. But from a biomineralization perspective, there are only so many organisms
small enough to be examined in situ (such as urchin embryos and coccolithophores).

Therefore, we have formed a multidisciplinary team at the University of Florida to take
advantage of the unique facilities and expertise at the Whitney Laboratory for Marine
Biosciences (located along Florida’s northeast coast in the town of Marineland). The goal of this
team is to develop a platform that will enable us (and others in the biomineral community) to
experimentally study some of the questions posed above. To do this, we are creating our own
small organismal model system, but one that can be designed and manipulated to study some
of these questions.

The first phase of our project is focused on the question relating to the role of post
translational modifications (PTMs) found in the IDPs regulating biomineral formation. It has long
been known that many of these highly charged proteins also contain extensive glycosylation
and phosphorylation. In the latter case, there have been studies to suggest that the
phosphorylated residues play an important role in modulating biomineral formation, but precisely
what that role is remains debatable. For example, the phosphorylated proteins have been
shown in vitro to be highly inhibitory to classical crystal nucleation.’#?-44 But we need to move
past the old school perspective that considered proteins as either “inhibitors” or “promoters” of
mineral formation, because we now know that it is precisely this inhibitory activity that can
transform a crystallization reaction to a non-classical reaction, namely the two-step amorphous
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precursor reaction pathway. In other words, the IDPs “function” is probably not just as an
inhibitor, but as a process-directing agent.

With respect to glycosylation, this has mostly been ignored by the biomineral community
(with a few exceptions),'#5147 but not without reason; it is a nightmare to characterize
glycosylation and there are relatively few experts in the biomineral field with this training.
Another hurdle has been the fact that recombinant methods for producing proteins to study in
vitro usually use the E. coli expression system, but bacteria do not produce PTMs, so studies
using these proteins could totally miss the true activity of the protein. Therefore, to overcome
this hurdle, our team wanted to work with an animal model system that could potentially provide
the necessary enzymatic machinery to produce PTMs.

We chose the starlet sea anemone (Nematostella vectensis) because it is a small marine
animal of size amenable to in vivo microscopic analysis. Anemones are in the animal kingdom
and thus can produce PTMs, and being closely related to coral, we expect it to have similar
enzymatic machinery that can yield similar PTMs. Because anemones do not naturally
biomineralize, this system provides a blank slate for studying what might happen if we engineer
it to secrete biomineral associated proteins. Martindale’s group at the Whitney Laboratory has
worked extensively with Nematostella, thereby providing this team with the opportunity to
genetically engineer the anemone to produce such non-native proteins.'® A diverse set of
biomineralizing IDP type proteins was chosen for our preliminary studies to determine the
robustness of this system as a platform for studying PTMs, starting with coral CARP proteins
(being a closely related organisms from same phylogenetic branch of the Cnidarian family of
Non-Actiniarian Anthozoans), to sea urchin spicule matrix protein SM-30 (prevalent in
developing spicules), and human enamel ameloblastin (a vertebrate protein that modulates
calcium phosphate deposition).

Our current efforts have been devoted to purification and analysis of these secreted
proteins, to firstly determine if the anemone produces PTMs, and how those PTMs compare to
the native organism, and then how such PTMs influence mineral formation. Mineral modulation
with these secreted proteins is currently being examined in vitro, but we are also developing
“cellular masonry” techniques'#° that will ultimately enable the team to build cellular
compartments to study the influence of such secreted proteins within a tailor-made biomineral
compartment containing designer matrices.

Given that this paper is supposed to be on advanced microscopy tools, | don’t want to go
into too much detail. | just want to give a brief overview because it is our hopes that others in
the biomineral community with complimentary skills and advanced microscopy expertise might
wish to collaborate with us, or more generally in the future, utilize this genetically-engineered
animal model system for their own biomineral studies.
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Fig. 1 Scanning electron microscopy has been particularly useful for demonstrating the various
morphologies of forming nacre tablets. (A) The pseudo-hexagonal shape is a commonly
observed morphology. In this example of sheet nacre, a couple of “screw dislocations” can be
seen. However, these presumed dislocations are clearly far more than a molecular layer in
thickness. (B) Circular tablets are not uncommon. (C) A top-down image of columnar nacre
shows somewhat irregular tablets at the growing surface which become well faceted tablets
below. (D) Tablets sometimes have rhombic-shaped outlines but are confined to two-
dimensions. (E) These rounded tablets exhibit layers with an interesting central mound. (F)
These rhomboid tablets with truncated corners are beginning to merge into a continuous sheet.
(A) Reproduced from Ref. XX Wise, Copyright 1971, with permission from Trans. Am. Microsc.
Soc.. (B) Reproduced from Ref. 18, Copyright © 1974, Springer Nature Limited. (C)
Reproduced from Ref. 20, Copyright 2010, with permission of Springer Nature. (D,E)
Reproduced from Ref. 21. Copyright 2012, MDPI. (F) Reproduced from Ref. 22, Copyright ©
2008 Elsevier Inc. All rights reserved.
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Fig. 2 As questioned by Schaffer et al., “Does abalone form by heteroeptixial nucleation or by
growth through mineral bridges?” (A) This SEM image of forming columnar nacre shows nicely
preserved interlamellar organic sheets, which have generally been considered as the basis of
membranous compartments that restrict mineral growth to two-dimensional tablets. (B) In a
nice use of AFM, nanopores were demonstrated within the fibrous interlamellar membrane. (C)
Buds of newly forming tablets appear to provide “bridges” to the next mineral layer. Note- the
organic membrane appears to be “draped” over the underlying layers which contain the pyramid
of newly forming tablets. (A) Reproduced from Ref. 27, Copyright 1997, with permission from
ACS Publications
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Fig. 3 A comparison of the internal features found in nacre versus PILP-formed tablets. Both
are = half a micron thick, appear to be single-crystalline, and yet have a variety of internal
substructures. (A) This is a calcareous sponge spicule (not nacre), but | wanted to include
Sethman’s image of nanogranular texture since it was the first time | saw of such a thing. (B)
Rousseau et al's AFM image is of a single-crystalline nacre tablet, and the phase contrast nicely
highlights the organic matter intercalated between nanograins. (C) Our group also found a
nanogranular texture in PILP formed tablets and films. Such a texture seems to indicate that
PILP does not stay pure liquid for long; yet such coalescence would not be expected for solid
nanoparticles, thus implying the PILP phase becomes gel-like. (D) Rousseau’s high
magnification SEM image revealed nanoscale sub-layers within a nacreous tablet. (E) We
used AFM to reveal nanoscale sub-layers in a PILP formed tablet. (F) Polarized light
microscopy (with gypsum 1st-order red retardation plate) of a pseudo-hexagonal “tablet” forming
within an ACC film, shows a uniform extinction direction, indicating it is single crystalline. The
SAED spot pattern further confirmed it's single-crystalline nature, and that it was the aragonite
phase. (G) Seminacre (from Bryozoans) was frequently found to exhibit a preferential etching
pattern of alternate sectors within the hexagonal tablets of calcite. Nacre tablets also show
preferential etching, but along orthorhombic crystallographic sectors (bottom illustration). (H) A
similar pattern of alternate sectors was revealed with optical microscopy of forming tablets (not
from etching). In the central hexagonal tablet, one has to extrapolate that “wrinkly” transition
bars, which are created by excluded polymer (demonstrated with fluorescently tagged polymer),
would lead to more defective sectors, and thus might be preferentially etched under dissolution
conditions in old shells. (I) Li et al. used in situ dynamic atomic force microscope observations
of stressed nacre tablets and found partial rotation and deformation of the nanograins. (J) As
nicely illustrated in a review by Sun et al, this has important implications for mechanical
properties of nacre, which seems to benefit from a multitude of hierarchical structural features.
(A) Reproduced from Ref. 51, Copyright © 2008 Elsevier Ltd. All rights reserved. (B,D)
Reproduced from Ref. 52, Copyright © 2005 Elsevier Ltd. All rights reserved. (C) Reproduced
from Ref. 33, Copyright 2007, American Chemical Society. (E,F) Reproduced from Ref. 32.
Copyright 2007, with permission from American Chemical Society. (G) Reproduced from Ref.
54. Copyright 1995, Courtesy of JSTOR from this site: chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.jstor.org/stable/pdf/1542305.pdf. (H)
Reproduced from Ref. 34, Copyright 2008, with permission from American Chemical Society. (I)
Reproduced from Ref. 57, Copyright © 2006, American Chemical Society. (J) Reproduced
from Ref. 56, Copyright 2012, with permission from the Royal Society of Chemistry.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fd00054h

Open Access Article. Published on 14 mai 2025. Downloaded on 10.6.2025 06:10:36.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Faraday Discussions

View Article Online

DOI: 10.1039/D5FD00054H

Fig. 4 Comparison between CaCOs3 films produced by the PILP process using polyaspartate
(Na-salt) additive (A-B) versus CaCOs films produced using proteins extracted from nacre (C-D).
(A-B) The PILP CaCO:s films are typically about a half a micron in thickness, which is an ideal
thickness for examining with polarized light microscopy. The color gradients arise from
interference colors across variations in thickness, but upon rotation, the whole film patch
exhibited a single-crystalline extinction direction. (C-D) Belcher’s paper on “Control of crystal
phase switching and orientation by soluble mollusc-shell proteins” was primarily focused on how
the proteins caused a shift from calcite to aragonite phase. However, it is notable that these
extracted proteins, when used as additives with CaCO3 precipitated in vitro, led to single-
crystalline patches of calcite film with non-equilibrium morphologies, very similar to the PILP
model system (A vs. C). The polycrystalline patches of film contained a centralized 3D
aggregate, which appeared to somehow modulate the orientation of the underlying single-
crystalline “tablets” into a radiating pattern (B vs. D). (A,B) Reproduced from Ref. 34, Copyright
© 2008, American Chemical Society. (C,D) Reproduced from Ref. 35, Copyright © 1996,
Springer Nature Limited.
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Fig. 5 Correlations between transition bars and crystallographic features. (A-F) Checa et al.
developed some useful etching techniques to reveal the substructure of nacre tablets by
differential removable of material with variable solubility. (A-D) Nacre tablets treated with
protease reveals alternate sector patterns in the rectangular tablets of Pinna nobilis (A,B; SE vs.
BE), and vermiculations in the tablets of Pteria hirundo (C,D). Given the etchant was protease,
this indicates there was more protein in the preferentially etched sectors. The vermiculations
were described as being parallel to the crystallographic a-axis of aragonite, while the triangles
were aligned with the b-axis, corresponding to the advance of the {010} faces during the growth
of the tablet. (E-F) In contrast, pronounced relief etching was created using sodium
hypochlorite and Mutvei’s solution (a 1:1 mixture of glutaraldehyde and 1% acetic acid to which
alcian blue is added), which revealed strong sectorization patterns in tablets from Mytilus edulis
(E) and Gibbula umbilicalis (F; Mutvei etch only). Linear striations could also be seen in these
(which somewhat resemble the pattern of transition bars). (G) We used polarized light
microscopy to examine the PILP reactions in situ, where this example shows the rhombic
symmetry (in a 2D film) expected for calcite. The transition bars eventually crystallized to yield
a single-crystalline “tablet” of calcite. (H-K) A gypsum 1%-order red retardation A-plate was
used to examine the amorphous-to-crystalline transformation. Isotropic regions, including the
glass background, appear magenta color (1% order red). (H) This tablet is magenta because it
is oriented along calcite’s isotropic c-axis, but the wavy blue texture in the wrinkled sector on the
bottom right indicates a wavering orientation, highlighting an interesting defect texture that we
speculated was caused by shrinkage compressive stresses because it always occurs in
narrower sectors. (I) This example shows a prevalence of sectorization, where the sectors are
clearly related to the crystallography of the transforming calcite crystals. (J) Spherulitic growth
in 2D films leads to concentric laminations rather than sectorization, which is clearly related to
the radial crystal growth direction. The fluorescence image of the same region (right) revealed
the fluorescently tagged polymer was being excluded into the transition bar regions. This then
provides a reason as to why crystallization is delayed in the bar regions. (K) In 3D globules,
the polymer is heavily enriched in the outer shell, and presumably concentrated there during the
exclusion of impurities during crystallization. Therefore, it was speculated that the spacing
between bars (or concentric laminations) may be diffusion limited, and thus might relate to the
viscosity of the precursor phase. If that is the case, many pathological deposits, which have
concentric laminations at the nanoscale, might be more viscous, implying phase separation of a
more gelatinous phase. (A-F) Reproduced from Ref. 58, Copyright © 2013 Elsevier Inc. All
rights reserved. (G-1) Reproduced from Ref. 14, Copyright © 2000 Elsevier Science B.V. All
rights reserved. (J-K) Reproduced from Ref. 53, Copyright © 2008, American Chemical
Society.
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Fig. 6 Evidence that nacre forms from an amorphous phase. (A,B) Nassif et al. used high
resolution TEM to find ACC at the outer rim of forming nacre tablets, which seems to suggest
that ACC is a short-lived phase under the nacre forming conditions. (C-D) The XPEEM study
by DeVol et al. illustrated the composition of various intermediate phases during nacre
development. As described by the authors, this is “a component map of a nearby fractured
cross-section obtained from stacks of PEEM images acquired across the Ca L-edge, after
embedding, polishing, and coating.” The bottom row shows the four spectral components used
for component analysis. (A,B) Reproduced from Ref. XX Nassif, Copyright 2005, National
Academy of Sciences. (C,D) Reproduced from Ref. 71, Copyright 2015, with permission from
American Chemical Society. https://pubs.acs.org/doi/10.1021/jacs.5b07931. Further
permissions related to the material excerpted should be directed to the ACS.
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Fig. 7 Highlights from an in depth analysis of immature tablets forming in gastropod nacre. (A)
TEM of an agglomerate comprised of nanocrystal cores embedded within amorphous phase.
(B) FFT analysis shows small arcs, indicating slight misalignments between nanodomains. (C)
An RGB color model built on planar reflections revealed the “complex digitiform shapes” of the
nanoglobules. The individual fingers constituted the crystalline cores of nanogranules, which
were found to be largely co-oriented. (D) HAADF image shows bright nanoglobules along a
dark line across multiple forming tablets, as can be seen by the interlamellar membrane (ILM)
separating them. (E) SE imaging shows protruding bumps, referred to as hillocks. (F) AFM
phase imaging demonstrates a more adhesive material overlies the crystals. (G) In SE SEM
imaging, the steep bumps appear as white dots. (H,I) STEM-EELS line scan showed distinct
and progressive changes in the C K-edge from crystalline to amorphous areas. Reproduced
from Ref. 72. Copyright 2017, The Authors.
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Fig. 8 Spiral growth of thin tablets and layers would seemingly throw into question the
hypothesis of organic compartments constraining growth to create the thin tabular morphology.
(A-B) The spiral steps caused by “screw dislocations” in seminacre create disorganized layers,
as shown here at low and high magnification. (C) Nacre also has “screw dislocations” that can
lead to a spiral “motion”, referred to here as tesselation. Yao et al. used electron microscopy,
ion microscopy, and an in situ nano-manipulator to determine that there are ~ 10° screw
dislocations per square centimeter in abalone (columnar) nacre. (D) The layers between | to II
can be clearly seen as arising from a gradual incline. Again, it is hard to imagine how a
compartment could be involved, at least not over long range. (E) Bright-field TEM shows dark
bands which are platelets of the same crystal orientation (reversed contrast), where the different
widths indicate that the centers of those platelets are not vertically coaxial. (F) FIB milling was
used to track through a screw dislocation core. This side view nicely shows the gradual incline
of the layer. The authors suggest that the lamellar layers of aragonite propagate via a large
number of continuous spiral growth domains as the “stacks of coins” become confluent. Again,
such a spiral motion seems counterintuitive to the concept of compartments controlling tablet
morphology. (G) In some PILP tablets/films, there was a gradual thickening that created micro-
level steps, which can be nicely visualized in PLM as higher order interference color (white
patches). Unfortunately, we didn’t do SEM on those steps, so one has to use their imagination
to see how the gradual thickness increase might be similar to the gradual thickness increase
seen in nacre layers (D & F). (H) The tight spiral “screw dislocations”, as seen in (A,B), were
not seen in the PILP system, but we did wonder if the large 3D helical growths were caused by
spiral steps in the membrane overlying the spherulites, causing them to twist into helices. (A,B)
Reproduced from Ref. 54. Copyright 1995, Courtesy of JSTOR from this site: chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.jstor.org/stable/pdf/1542305.pdf. (C-
F) Reproduced from Ref. 75, Copyright © 2006, The Materials Research Society (G)
Reproduced from Ref. 34. Copyright © 2008, American Chemical Society. (H) Reproduced from
Ref. 13. Copyright 1998, with permission from Elsevier Science B.V. All rights reserved.
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Fig. 9 From Nakahara’s paper “An electron microscope study of the growing surface of nacre in
two gastropod species, Turbo cornutus and Tegula pfeifferi”. (A) SEM of gastropod columnar
nacre with preserved interlamellar sheets. In a typical SEM view, it appears that tablets are
formed within compartments. (B) TEM cross-section that still contains some pyramids of dark
mineral tablets. Note the stack of organic sheets at the top. The pyramid on the left has a
forming tablet that has separated one additional sheet layer ahead of the pyramid on the right.
(C) Different magnifications of the preserved organic matrix only, again showing the stacks of
organic sheets at the uppermost surface. If the image had been taken at the red box, it would
appear that tablets were forming within preformed compartments. But the images below, that
are zoomed in on the top of a couple of pyramidal stacks, shows irregular mineral starting to
push up and separate the bottom sheet of the stack. (D) Zoomed in at high magnification, one
can see bits of mineral (the remnant holes) that appear to have “infiltrated” several sheets while
still building up mineral tablets below. (A) Reproduced from Ref. 76, Copyright 1979, with
permission from Springer Nature.
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Fig. 10 The extrapallial space and compartmentalization concepts. These images are from
bivalves sheet nacre formation; | haven’t been able to find similar micrographs of gastropod
(columnar) nacre. (A) Nakahara used a uranyl acetate-lead citrate double stain, which
dissolves away the aragonite crystals, A, but shows nice detail of the cellular and organic
constituents. The extrapallial space, X, is below the mantel, M, in which the microvilli of the
epithelial cells descend into the extrapallial fluid. In the right image, an “envelope” surrounding
the forming tablets is highlighted. (B) Checa’s TEM of bivalve nacre has retained the nacre
tablets, nt. Again, the extrapallial space, eps, is still very small, as seen between the microvilli,
mv, and interlamellar membrane, ilm. (C) A schematic to illustrate my alternate hypothesis: the
overlying mantel epithelial cells secrete proteins into the narrow extrapallial space; the charged
IDPs sequester ion clusters to form PILP-like droplets; strands of precursor phase infiltrate via
the porous membrane (perhaps by capillary action) to fill the interlamellar “compartment” with
amorphous precursor; lateral growth ensues while the precursor phase rapidly solidifies and
crystallizes, yielding a variety of 2D morphologies until they merge with the neighboring tablets
to form continuous lamellae of mineral; exclusion of impurities leads to organics between
tablets, as well as transition bar occlusions within the nacre crystals; solidification of precursor
phase around a variety of organics (fibers, sheets) produces a “fuzzy” interface that provides
enhanced mechanical properties. (A) Reproduced from Ref. 76, Copyright 1979, with
permission from Springer Nature. (B) Reproduced from Ref. 31, Copyright 2018, Open Access
from Frontiers.
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Fig. 11 Rousseau et al. examined the formation of sheet nacre using a unique approach,
where they separated the shell side from the mantle side, which had been hardened with
methacrylate, to reveal features of the deposited sheets. (A) On the mantle side of the fracture
surface, a stairs-like growth front is seen, which as the authors describe, results from fractures
occurring along lines where the layers contained more mineralized tablets and thus were
becoming rigid. Bright round patches are seen to be gradually evolving from within a preformed
sheet, where the brightness is caused by the higher z-contrast of mineral. (B) On the shell side
of the fracture surface, the tablets have thickened into cylinders. At this maturity level, much of
the organic matrix remained attached in the region surrounding the tablets. A fibrous texture is
present, presumed to be chitin based. (C,D) Raman spectra taken of the starred regions seem
to show the same peaks, but with more background noise on the surrounding film, along with
what appears to be a broad peak next to the 705.3 peak. Surprisingly, the peaks seem the
same in these two different regions. Perhaps the same mineral peak is just due to the depth of
penetration reaching into the underlying mineral layer; but | still would have expected a more
dominant set of peaks from organics. (A) Reproduced from Ref. 79 Rousseau, Copyright ©
2004 Elsevier Inc. All rights reserved.
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Fig. 12 Hovden et al. used a wedge polishing technique to prepare large-area specimens that
cover the prismatic to nacre transition zone. (A) A “nanoscale assembly processes” is
described, being driven by aggregation of nanoparticles (50-80 nm) within an organic matrix,
which arrange in “fibre-like polycrystalline configurations.” (B) This series of images give the
impression of polycrystalline nanoparticles coalescing into nacre’s single-crystalline tablets. (C)
It should be remembered that these images were not taken over time, so they actually show a
disordered transitioning interface, where the epithelial cells presumably start changing over to
secrete a different set of proteins to go from modulating prismatic calcite to aragonitic nacre. It
appears (to me) to be “condensation” of some mineral “phase” on the fibrous matrix. Given that
those fibrous paths end in the regions of disordered tablets makes me think that this remnant
prismatic matrix is hindering the ability for the mineral precursors to fully densify into the single-
crystalline tablets that eventually develop. Reproduced from Ref. 83, Copyright © 2015, The
Author(s).

Page 46 of 67


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fd00054h

Page 47 of 67

Open Access Article. Published on 14 mai 2025. Downloaded on 10.6.2025 06:10:36.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Faraday Discussions

View Article Online

DOI: 10.1039/D5FD00054H

N trabecula

trabecular
bone

1.5nm  collagen

4 bone
= molecule

lamella

mineralised

mineral
; collagen
particles fibril
compact
bone
nanometre [nm] micrometre [um] millimetre [mm]
1@ 108 107 106 105 104 103 102

metres

Fig. 13 Representation of bone’s hierarchical levels of structure and their associated size
scales. | wanted to use my original favorite (Weiner & Wager, The material bone: Structure
mechanical function relations), because it was so valuable to me when | first started learning
about bone, but the journal is now charging for permission. (1) The first level is the individual
constituents, tropolcollagen ‘molecules’ assembled into a fibril, and hydroxyapatite nanocrystals.
(2) The mineralized collagen fibril was one of the primary enigmas of bone formation with
respect to how the crystals end up inside the fibril. (3) Collagen fibrils assemble into dense-
packed arrays in lamellar bone, often with a twisted plywood organization. (4) The lamellae
may be found in the trabeculae of cancellous bone, or (5), the concentric layers of osteons
within cortical bone. (6) Whole bones have different regions, such as compact cortical bone,
with internal trabeculae of cancellous bone. Reproduced from Ref. 85, Copyright © 2014, Sage
Publications.
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Fig. 14 Matrix vesicles in bone formation. (A,B) Bonucci and Gherardi (1975) examined
medullary bone from pigeons because medullary bone is formed (via osteoblasts) and resorbed
(via osteoclasts) in a similar fashion to other bone types, but much more rapidly, making it a
useful model system. As noted by the authors, medullary bone has more non-collagenous
proteins and proteoglycans, and with only half the content of collagen fibrils, it is easier to image
the matrix vesicles. (A) This low mag image shows tissue stained with a Periodic Acid-Schiff
(PAS) method and counterstained with hematoxylin. Note the medullary bone, MB, which is
much more reactive than cortical bone, CB, stained more darkly. (B) High magnification of the
calcification front shows “calcifying globules” (black arrows), some of which were surrounded by
a membrane, and some of which contained clusters of small crystals (white arrowhead). These
appear to lead to the calcifying nodules, which as seen here, contain a radiating assembly of
crystals. (C-E) In a review by Hasegawa many years later (2018), much more detailed
information on enzymatic involvement, inorganic pyrophosphates, etc., was available. The TEM
images appear to confirm crystal formation within matrix vesicles, and even goes further to
show close contact between the calcifying nodules (CN) and early-stage collagen
mineralization. Although crystallite texture is apparent in the calcifying nodules in image (C), the
dark CN nodules in (D-E) appear stippled. The fibrils in this region of bone (near cartilage
deposition) are not tightly packed, similar to the medullar bone above. (F,G) PILP
mineralization of decellularized porcine kidney. (F) Although this was not a bone-related
experiment, there is a striking similarity between the crystallites forming in PILP drops and the
matrix vesicles shown above. (G) The elongated dark patches are where PILP phase has
started to infiltrate collagen fibrils. (A,B) Reproduced from Ref. 89. Copyright 1975, with
permission from Springer Nature. (C-E) Reproduced from Ref. 90, Copyright 2018 with
permission from Springer-Verlag GmbH Germany. (F,G) Reproduced from Ref. 91, Copyright
2019 with permission from Springer Nature
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Fig. 15 GOes et al. achieved a high degree of mineralization by alternate soaking of mineral
salt solutions (A,C). The collagen matrices were made anionic to increase the concentration of
carboxylic groups (B,D, without minerals). They were able to fabricate a bone-like composition
of up to 60 wt % mineral after 100 soak cycles, as determined by thermogravimetric analysis.
This method did manage to form HAp on the interior of the porous collagen scaffold (A,B), but it
does appear to be intrafibrillar. Reproduced from Ref. 95, Copyright 2007 with permission from
Elsevier.
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Fig. 16 A synopsis of the ability to achieve intrafibrillar mineralization of collagen using the PILP
model system. (A) Atypical collagen matrix prior to mineralization. (B) Mineralization without
polymer process-directing agent leads to an extrafibrillar crust comprised of spherulitic clusters
of HAp, typical of what was shown in most literature prior to the PILP discovery. (C) Collagen
matrix mineralized with polyAsp additive. The mineral is not readily apparent, other than fibrils
have become thicker; but EDS inset shows large Ca and P peaks (greater than the C peak from
matrix) from the underlying mineral. Thermogravimetric analysis found this scaffold had 65 wt%
mineral, indicating the mineral is not visible because it is intrafibrillar. These fibrils appear to be
devoid of any extrafibrillar mineral, as is the case for the DF-TEM image in (E). (D) TEM of
non-stained fibril has sufficient z-contrast from the infiltrated mineral. Some adsorbed droplets
were found on this fibril. They were quite large compared to later studies by the Sommerdijk
group. (E) Dark-field TEM was used with the corresponding SAED pattern to illuminate the
numerous [001] oriented nanocrystals within this fibril. (F) Schematic representation of our
proposed mechanism of intrafibrillar mineralization of collagen. a) infiltration of PILP precursor
phase into gap zones of collagen fibrils via capillary action. b) After precursor becomes
intercalated throughout the interstices of the fibril, it solidifies into amorphous calcium phosphate
(ACP), and c) ACP crystallizes, creating a fibril embedded with aligned nanocrystals of HAp.
(A) Reproduced from Ref. 101, Copyright 2010, with permission from Elsevier. (B,D,F)
Reproduced from Ref. 98, Copyright © 2007 Elsevier B.V. All rights reserved. (C) Reproduced
from Ref. 102, Copyright 2022, Open Access. (E) Reproduced from Ref. 107, Copyright 2009,
with permission from Elsevier B.V.. All rights reserved.
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Fig. 17 Landis et al. studied early-stage mineralization of collagen within turkey tendon, which
is a nice model system because the gastrocnemius tendon naturally mineralizes. As far as | am
aware, Landis was the first in the biomineral community that used tomographic imaging of
biominerals. (A) A uranyl acetate and lead citrate stain were used, which nicely marks the
periodic banding of the fibrils. Note- the aligned fibrils within tendon are much easier to image
than the collagen in bone matrix, making this a particularly useful model system. (B) One of a
set of tomographic images of the region marked with an arrowhead in (A). The crystallographic
orientation is evident in the dark streaks that run parallel to the fibril axes. (C) A series of
shaded surface renderings of the mineral components with a calcifying region, with each view
rotated 10°. From this work, the authors confirmed the presence of irregularly shaped mineral
platelets, which were described as having variable widths but uniform thickness (~ 4-6 nm).
They also indicated that the crystals apparently fuse in coplanar alignment to form larger
platelets, and that c-axial growth is unhindered by collagen hole zone dimensions. Reproduced
from Ref. 99, Copyright 1993, with permission from Elsevier.
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Fig. 18 Images of bone formation in the continuously elongating TL caudal fin of zebrafish. (A)
Polarized light microscopy can show the entire skeletal elements. Note the increasing
birefringence as one moves away from the newly forming bone at the distal end and the rays
gradually becomes more crystalline. (B) SEM of the fin ray segments after critical point drying.
(C) Intensity plots of birefringence (orange) and mineral density (gray) signals generated from
the polarized-light micrograph and micro-CT image. Reproduced from Ref. 103, Copyright
2008, with permission © 2008 by The National Academy of Sciences.
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Fig. 19 An in-depth study on mineralizing matrix of the zebrafish fin bones (A-D) and on mouse
trabecular bone (E-G). (A,B) SEM and BSE mode imaging of osteoid matrix that is becoming
mineralized by “large, mineral-bearing globules”. They appear to meld into the matrix. (C,D)
This region is described by the authors as “Mineral-bearing globules infusing the collagen fibrils
within the growth zone”. (D) In BSE mode, one can see the whitening along the length of the
fibrils. The authors suggest there might be a release of nanoparticles. None are apparent on
the surface, but they could have been washed away in sample preparation. But it certainly
gives the impression that mineralization traversed internally down the length of the fibrils away
from the globules. (E-G) In the mouse trabecular bone, matrix infusion appeared somewhat
similar. However, in (G), the zoomed inset of the mineral globules shows they are comprised of
irregular platelets. So these may be similar to the calcification nodules described earlier in Fig.
14, which | think was also trabecular bone. (A-D) Reproduced from Ref. 104, Copyright 2010,
with permission from PNASUSA. (E-G) Reproduced from Ref. 105, Copyright © 2011 Elsevier
Inc. All rights reserved.
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Fig. 20 Nudelman et al. employed cryogenic TEM and tomography to examine the infiltration of
amorphous precursor “particles”, created with polyanionic process-directing agents, into
collagen fibrils. (A) Deformation of the fibril from infiltration of mineral precursor can be seen at
48 h. | was fascinated to see this internal view because we often saw (with SEM) lumpy fibrils
midway in the mineralization (Olszta 2008, Fig. 7C). One can also see here (and other images
in the paper) that the fibril appears to mineralize from the inside to outside. (B, C) The authors
carefully discerned the sub-band location within the hole zones where the amorphous precursor
appears to enter the fibrils. (D) This image beautifully illustrates all the stages, going from
particle entry at the periphery, to diffuse amorphous substance within the fibril, to the aligned
dark streaks of crystalline HAp. Note prevalence of mineral toward the interior. (E) Schematic
by our group representing what we thought was happening during intrafibrillar mineralization,
which was impressively close to what was later observed in Nudelman’s image (D). (A-D)
Reproduced from Ref. 106, Copyright © 2010, Springer Nature Limited. (E) Reproduced from
Ref. 107, Copyright © 2009 Elsevier B.V. All rights reserved.
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Fig. 21 Niu et al’'s elegant study on intrafibrillar mineralization supporting the concept of Gibb’s-
Donnan equilibrium. Arrows and labels did not copy over, so please refer to original paper for
full markup. (A) Conventional TEM without staining shows strong contrast from the heavily
mineralized fibrils using PAH-stabilized calcium phosphate complexes. (B) Uranyl-acetate stain
highlights the collagen banding, with inset showing the proper [001] orientation of HAp, which
can be seen as the dark striations in the fibril. (C) At 12 h, ACP is seen to still be infiltrating the
fibril (collagen is stained). The authors indicate there was no predilection of sub-band entry
location (as seen in the Nudelman paper using polyanionic additives). (D) This stained fibril
shows dark CaP complexes at the fibril’s periphery. The authors state that “communication of
CaP complexes from the fibril's surface with ACP in the intrafibrillar spaces supports the fluidic
nature of mineralization precursors (highlighted in inset). (E) At 18 h, crystallization has
commenced. The authors note there are filamentous structures in the surrounding ACP similar
to those observed in their cryogenic TEM images. Reproduced from Ref. 109, Copyright ©
2016, Springer Nature Limited.
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Fig. 22 Cantaert et al. designed a clever experiment to determine the role of confinement on
crystal orientation. (A) Schematic representation of the nanoporous track-etch anodized
alumina membrane, which enabled double-diffusion of ions to grow HAp within the elongated
pores. (B) Schematic representation of how ACP transforms into HAp with preferential
orientation created by the confinement effects. This occurs because there is a strong anisotropy
in the HAP lattice, and the [001] axis becomes dominant as it is the most rapid growth direction.
(C-E) SAED images with corresponding insets, showing strong orientation for the 50 nm pores,
and moderate to no orientation for the 200 nm pores (D,E). In (C), the SAED pattern looks like
remarkably like bone’s, which was surprising to me as | thought the twisting collagen microfibrils
was responsible for the slight tilt of crystals in collagen. In this experiment, it seemingly arises
from offset tilted crystals allowed by the channel width. Intrafibrillar channels in collagen,
however, are much narrower. Reproduced from Ref. 112, Copyright © 2013 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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Fig. 23 Xu et al. studied the effect of confinement on crystal growth in collagen by using XRD to
determine the voids in collagen are cylindrical pores with diameters of around 2 nm. (A,B) In
addition to HAp (not shown here), they also demonstrated the concept of confinement with
lepidocrocite, y-FeOOH, which also has an anisotropic lattice structure (orthorhombic). (C,D)
Tomographic reconstruction with an averaging of ten y- and z-slices. The orientations of some
y-FeOOH platelets are highlighted by yellow arrows in (C). (E-G) They found that CaCOs;
produced a mix of calcite and vaterite (not shown here), and with a sustained granular texture,
they showed no preferential orientation. Interestingly, their intrafibrillar calcite produced
orthogonal bulges similar to what we had observed in our first CaCO3 collagen study. It would
be interesting if someone could produce intrafibrillar aragonite, because it normally grows as
anisotropic needles. Reproduced from Ref. 114, Copyright © 2020, The Authors.
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Fig. 24 A series of still frames captured from Xu et al's Supplementary Movie 5. The reader is
encouraged to look at the video for a better realization of the connectivity between the filaments
and channels within the collagen fibril. It's quite amazing to see that the stippled dots always
appear to remain together in a connected filament, even after entering into the interior of the
fibril. Notably, at various rotations, one can see the interior of the fibril is more enriched with
dark mineral phase than the exterior, as noted in the earlier study by the Sommerdijk group
(Nudelman et al.). (A& B) At~ 5 s, the bottom filament takes a sharp upward turn after it enters
into the fibril, and then it splits into two channels, as seen with these two still frames that are a
split second apart. (C) At~ 9 s, a mild bend occurs after entry of the bumpy filament into the
fibril. (D) At~ 10 s, a relatively sharp bend in the filament. The streaks of mineral highlight the
collagen twist in this orientation. (E) At ~ 8 s, a curvy filament, which upon entry into fibril,
seems to dip behind and then connect to the northward filament above. (F) At~ 13 s, a split
filament entering fibrils. Still frames captured from Supplementary Movie 5, from Ref. 114,
Copyright © 2020, The Authors
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Fig. 25 Toward emulating bone’s hierarchical structure by capitalizing on the liquid-crystalline
nature of collagen. (A) Giraud-Guille resolved the liquid-crystalline texture found in a variety of
extracellular matrices, such as the ‘twisted plywood’ structure observed in lamellar bone. This
schematic represents how thin slices taken along different orientations will appear in microscopy
thin sections. (B) This TEM of a slice of lamellar bone shows the arcs expected for Slice ¢ of
figure (A). (C) This twisting structure is from a crab carapace, which is comprised of a chitin
extracellular matrix that becomes mineralized with CaCOs. Notably, liquid-crystalline textures
appear in a variety of biomineralized matrices. (D) Using Ruberti’'s ‘molecular crowding’
approach to densify a solution of collagen leads to the cholesteric (or twisted nematic) phase,
which upon fibrillogenesis provides collagen matrices that emulate the twisted plywood
organization of lamellar bone’s extracellular matrix. (E) Mineralization of these dense collagen
matrices using the PILP process led to a hierarchical structure comprised of the twisted plywood
microscale structure, built upon the intrafibrillarly-mineralized collagen nanostructure. (F) SEM
of a fracture surface of the biomimetic bone revealed the twisting layers collagen within (note-
the splay of fibrils), somewhat resembling the crab carapace shown in (C). (A-C) Reproduced
from Ref. 119, Copyright © 1986 Published by Elsevier Ltd. (D,E) Reproduced from Ref. 121,
(2018), Open Access. (F) Reproduced from Ref. 122, © 2016 Elsevier B.V. All rights reserved.
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Fig. 26 As | mentioned earlier, the parallel fibrils in turkey tendon provide more readily
interpreted mineral-collagen relationships than bone, which has a far more complex hierarchical
structure. This is effectively illustrated by Reznikov et al., who now describe XlI levels of bone’s
hierarchical structure. (A) In these three projections of bone, one can see how different the
structural organization will appear in the planar view, with the top slice showing the dark streaks
typical of crystals aligned with collagen fibrils; the middle slice showing a lacy pattern with
curved crystals around voids; the bottom slice showing nested rosettes. The schematics to the
right show models based on tomograms reconstructed from the STEM tilt series. (B, C) A
labeling algorithm highlights the lacy (blue) and filamentous (pink) patterns in the tomogram
slices. (D) This is a reconstructed volume of demineralized and stained collagen fibrils in bone,
where 100 different color labels show the distribution of segment lengths. These cross-over
segments are clearly different from the long, parallel-aligned collagen in tendon, and most likely
play an important role in bone’s mechanical properties. Reproduced from Ref. 123 Copyright ©
2018, The American Association for the Advancement of Science
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Data availability

No primary research results, software or code have been included and no new data were
generated or analysed as part of this review.
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