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Attaching organic fibers to mineral: The case
of the avian eggshell

Daniel J. Buss,1 Natalie Reznikov,1,2,3 and Marc D. McKee1,3,4,*

SUMMARY

Bird eggs possess a mineralized eggshell with a soft underlying fibrous membrane. These dissimilar mate-
rial layers successfully evolved a structural attachment to each other as a conserved avian reproduction
strategy essential to avian embryonic development, growth, and hatching of the chick. To understand
how organic membrane fibers attach to shell mineral (calcite), 3D multiscale imaging including X-ray
and electron tomography coupled with deep learning-based feature segmentation was used to show
how membrane fibers are organized and anchored into shell mineral. Whole fibers embed into mineral
across the microscale, while fine mineral projections (granules/spikes) insert into fiber surfaces at the
nanoscale, all of which provides considerable surface area and multiscale anchorage at the organic-inor-
ganic interface between the fibrous membrane and the shell. Such a reciprocal anchorage system occur-
ring at two different length scales between organic fibers and inorganic mineral provides a secure attach-
ment mechanism for avian eggshell integrity across two dissimilar materials.

INTRODUCTION

Avian eggshell formation is one of the fastest biomineralization processes known, where a fully formed highly organized calcified structure

(with traversing pores for gas and water vapor exchange1–3) arises within 20 h from a template of organic fibers.4 Mineralized eggshell forma-

tion occurs in the shell gland segment (uterus) of the hen’s oviduct but is preceded by the assembly of an organic eggshell membrane at the

surface of the egg "white" as the egg transits through the oviduct.4,5 The membrane – which eventually becomes attached to the innermost

portion of the shell – is formed predominantly of an interconnected and branching meshwork of fibers.6–9 Compositionally, the membrane

consists of approximately 250 proteins, namely, various collagens,10–14 cystine-rich eggshell membrane proteins (CREMPs), and other pro-

teins and biomolecules including those with known antimicrobial function, such as lysozyme.15–19 The presence of distinct organic sulfate spe-

cies has also been demonstrated in the membrane.20 Nucleation of the shell’s calcium carbonate mineral originates on and between the

outermost membrane fibers, beginning as an amorphous phase, and then growing and maturing toward calcite.17,21,22 This mineralization

trajectory starts with the formation of quasiperiodic mineral aggregates on the outer membrane. Growing outwards from the incipient

aggregates, so-calledmammillae are formed, altogether constituting the innermost mammillary layer of the shell.4,8,9,21,23,24 Rapid, confluent

columnar calcite growth then proceeds further outwards from each mammilla as densely packed calcite columns, resulting in a contiguous

array that also contains radially arranged pores.1,2,4,19 This process occurring in the shell gland of the oviduct produces close to 5 g of calcite22

to reach a final shell thickness of approximately 300–350 mm in chicken eggs.

After a fertilized egg is laid, secure attachment of the outer membrane fibers to the mammillae is essential for successful development of

the chick. With egg incubation, by embryonic day 15, a fully developed, cellular and vascularized chorioallantoic membrane (CAM) lying

immediately beneath the membrane7,25 mediates significant dissolution of the shell to mobilize calcium from mammillary calcite for the

growing chick skeleton through acidification mechanisms acting across the membrane.26,27 Secure attachment of the membrane to the shell

is therefore required to approximate the underlying CAM close to the shell to facilitate shell dissolution and calcium release.25–27 Toward the

end of CAM-mediated shell dissolution, the outer eggshell membrane partially detaches from the shell,25,26,28 potentially contributing to shell

weakening for the emergence of the chick (pipping). Related to this, an intact eggshell membrane attachment has been implicated as a

contributor to shell mechanical strength.29,30

While the congruent, the trilaminar structure of the CAM, the membrane, and the shell constitutes the typical egg ‘‘wall,’’ at the blunt end

of the egg, something substantially different occurs.4 In the blunt region, themembrane splits to form the air sac – this occurring after the egg

is laid and begins to cool, drawing in air through the pores of that region.1–3 Once formed, the air sac provides a reservoir to meet the devel-

oping chick’s growing oxygen demand before and at the time of hatching.2,3
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For unfertilized and unincubated "table eggs" stored in a variety of conditions and used as a major food source across most populations,

food safety is of concern.31 The intactmembrane is amajor physical and antimicrobial defense barrier for the egg contents,15 and detachment

of the membrane from the shell in eggs may render them more susceptible to contamination from opportunistic microorganisms.31,32 The

present study was undertaken to provide a better fundamental understanding of how such an important and robust attachment is achieved

at this interface between overall strikingly dissimilar materials � organic fibers and biomineral.

RESULTS

3D multiscale imaging of chicken eggshell membrane structure

To date, avian eggshell membrane structure has primarily been studied using light microscopy, scanning electron microscopy (SEM), and

transmission electron microscopy (TEM) of conventionally prepared specimens (critical-point dried, aldehyde-fixed).6,7,9 Here, we expand

upon this largely 2D information to a 3Dmultiscale assessment of the chicken (Gallus gallus domesticus) eggshell membrane and its interface

with the shell (Figures 1 and 2, Videos S1 and S2).

The organic fibrous membrane attaches to mammillae of the calcitic shell (Figures 1A and 1C, Videos S1 and S2). Using deep learning-

based segmentation and thickness mapping of membrane fibers from submicrometer microcomputed tomography (mCT) volumes, small-

diameter inner membrane fibers, and large-diameter outer membrane fibers, were differentiated (Figure 1B, n=5, representative areas

shown). For higher-resolution examination of the membrane fibers, precise focused-ion beam (FIB) milling in conjunction with SEM imaging

(particularly using backscattered electron imaging in the serial-surface-view [SSV] mode) has recently provided enhanced understanding of

3D nano-to microscale relationships in a variety of mineralized fibrous biocomposites.33–35 Using serial gallium-FIB milling tangential to the

membrane, and imaging using backscattered electron detection, we assessed the 3D structure of a complete thickness of the membrane.

Using fiber thickness mapping at this scale (Figures 1D and Videos S3 and S4), the outer and inner membrane layers were visualized in detail

with an abrupt shift to thin fibers within the approximate inner 15 mm of the membrane (toward the egg albumen). Directionality mapping of

fibers through the membrane (Figure 1E) revealed orthotropic, mat-like fiber orientation.

An important morphological feature of eggshell membrane fibers when imaged using an electron microscope (and typically stained) are

inner core and outer mantle regions of each fiber6 (Figures 2A and Video S5). This mantle region of eggshell membrane fibers is distinct from,

and should not be confused with, the mantle cellular tissue in invertebrate organisms such as mollusks and brachiopods. From several 3D

volumes of the eggshell membrane fibers, we were able to reveal oblique projections at both the micro- (Figure 2C) and nanoscales (Fig-

ure 2D) that document a previously uncommunicated propensity of chicken eggshell membrane fibers to form bundles (some up to

50 mm in width and several up to 100 mm in length), with a sharedmantle region and discrete core regions (Figures 2C and 2D). Segmentation

of core and mantle fiber regions through the membrane thickness suggests that the inner membrane, with smaller overall fiber diameters,

indeed has a reduced proportion of core organic constituents compared to that of larger outer membrane fibers, whereas the mantle pro-

portion is rather similar in both thin and thick fibers (Figures 2B and Video S5).

Attaching organic fibers to biomineral at the eggshell-membrane interface

Having obtained a broader understanding of overall membrane fiber morphologies (including mantle and core regions) and orientation, we

addressed unresolved questions regarding the morphology of fiber incorporation (of both embedded fibers and interdigitated fibers) in the

mammillary calcite.9,23,24 Collectively, compelling evidence is provided for a self-affine, reciprocal anchorage of organic fibers at both the

micro- and nanoscale. First, at the microscale, about 10 fibers are anchored into each mammilla (Figures 3A and 3B, Video S6). Deep

learning-assisted segmentation of these fibers within mammillae calcite (Figures 3B and 3C) revealed that all mammillae in the field of

view (between 200 and 300 mammillae per 1 mm2 area of shell36) contained anchored fibers (Figure 3C).

At higher resolution (FIB-SEM reconstructions), using 3D segmentation of a portion of a mammilla (from the same volume as Figure 1),

multiple fiber tracks (about ten per mammilla) can be revealed by digitally removing the fibers (Figure 3D and Video S7). Two additional vol-

umes at even higher resolutions (Figures 3E and 3F, Video S8) show the difference of themantle texture around embedded and interdigitated

fibers – namely uniformly thin mantles having a rough irregular texture when embedded, compared to the thicker mantles of the interdigi-

tated fibers. In addition, a different 3D structure of the fiber mantle regions was observed (Figure 3E rightmost image; Figure 4D, Video S8).

Segmentation and thickness mapping of embedded and interdigitated mantle regions reveals that the mantle area is occluded with mineral

extensions into the fiber, supported by backscattered electron signal intensity which is instead consistent with the shell mammillary calcite

(Figures 3F and 4A). Indeed, these embedded fibers, includingwhere they stretch between adjacent mammillae, remain attached aftermanu-

ally peeling off the membrane (Figure S3).

Sections of interdigitated fibers cut using a microtome and imaged under TEM brightfield conditions previously indicated (based on elec-

tron density and shape) that a mineral phase within fiber mantles is likely responsible for these radial inhomogeneities in the mantle.9 Still, the

suggestedmineral polymorph and 3Dmorphology of anchored fibermantles has not been assessed in the context ofmembrane-shell attach-

ment – this likely being attributable to the extreme difficulty and lack of precision in cutting hard and brittle shells with a microtome. To

address this, FIBmilling of a conventionally fixed and osmium stained electron-transparent section (lamella) of a mammilla with its embedded

fibers was conducted for further observations by STEM (scanning transmission electron microscopy). Using selected-area diffraction (SAED)

(Figure 4F), we observed only diffuse reflections of the mineral penetrating into the fiber mantle, this in contrast to mammillary mineral

showing regular bright spot reflections indicative of single-crystal calcite. This observation of poorly crystalline mineral penetrating into
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themantle was supported by similarly prepared specimens imaged using angle-selective (BSE-L) and energy-selective (BSE-U) detectors from

our high-resolution FIB-SEM volumes in which isolated bright electron-dense spots were observed within the mantle voids (Figure 4D).

Given the high surface-to-volume ratio of the fine mineral extensions, and the known solubility of certain precursor phases of calcium

carbonate in water, we next FIB-milled an electron-transparent section (lamella) through a mammilla region with embedded fibers from a

Figure 1. Chicken eggshell membrane fibers by submicrometer mCT and FIB-SEM microscopy

(A) mCT and segmentation of a complete shell and eggshell membrane cross-section from the equatorial region of an egg. Shell mammillae (*) form from initial

mineral nucleation and growth at the outer membrane surface (see Videos S1 and S2).

(B) Thickness mapping of digitally prepared sections of outer and inner membrane fibers showing fiber size differences over large fields of view.

(C) Light micrograph of a toluidine blue-stained section of full-thickness eggshell membrane. Mammilla (here decalcified, no mineral) are denoted by asterisks.

(D) Thicknessmapping of a gallium FIB-SEM serial-surface-view reconstruction of a full-thickness eggshell membrane, with the corresponding distribution of fiber

thicknesses. A portion of an adjacent calcitic mammilla was segmented and digitally removed, but can be seen in Video S3 (registered slices), Video S4 (thickness

map), and Video S7 (mammilla detailed).

(E) Mapping of local fiber directionality showing orthotropic assembly through the same full eggshell membrane 3D cross-section.
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cryo-fixed specimen. Cryo-preparation of samples (high-pressure freezing followed by freeze-substitution) results in better preservation of

hydrated mineral phases, including unstable amorphous mineral precursor phases.37 SAED patterns collected from the now cryo-prepared

fiber mantle (Figure 4G) instead revealed an arching diffraction pattern indicative of polycrystalline calcite texture. This finding was corrob-

orated by STEM high-angle annular dark field imaging (Figures 4B,4C, and 4E). With the preservation enabled by cryo-processing and ultra-

fine ion-beam milling, two unique mantle mineral morphologies were captured – polycrystalline ‘‘granules’’ in the embedded fiber mantles

(Figure 4C) and ‘‘spikes’’ in the interdigitated fiber mantles (Figure 4E). Energy-disperse spectroscopy (EDS) spectra confirmed the presence

of calcium (Figure 4H) and oxygen (Figure 4I) within these mammilla-anchored fiber mantles (compared to fiber core regions where there was

little calcium or oxygen signal), and where there was a similar intensity as mammilla calcite itself (Figures 4H and 4I, at the top of each map).

These analytical data show that mantle ‘‘voids’’ in conventionally prepared specimens (Figure 4D and Video S8) are indeed decalcified proxy

spaces occupied in their entirety in native eggshell by polycrystalline mineral spikes or granules (Figure 4E). In addition, by taking together

results from the FIB-SEM high-resolution 3D segmentation, the osmium-stained conventionally prepared lamella, and the cryo-prepared

lamella, we now have shown howmineral ‘‘spikes’’ (of up to 100 nm in thickness and 500 nm in length) indeedpenetrate into themantle radially

and extend partially into even the inner core of membrane fibers (Figures 4J and 5, Video S9).

Figure 2. Fiber mantle and core morphologies assessed correlatively and in 3D

(A) SEM and TEM electron microscopy images showing distinctions typical of mantle and core eggshell membrane fiber regions in topographical and stained

section micrographs.

(B and C) Correlation of oblique projections of outer membrane fibers from mCT (B) and SEM-BSE (C) showing regions of both isotropic fibers and also large fiber

bundles (brackets) with significant similar directionality and size within the outer membrane. Fiber bundles exist as arrays of sandwiched mantle and core

constituents.

(D) FIB-SEM serial-surface-view deep learning-based segmentation of fibermantle (turquoise) and core (blue) through a near-full-thicknessmembrane (Video S5).

While mantle volume fractions are the same in the outer and inner membranes, the core volume fraction within the inner membrane is reduced.
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To estimate the extent of the anchorage of the membrane fibers to the shell mammillae, a coarse-grained calculation can be applied as

follows. The surface area of an average-sized chicken egg is approximately 7,000mm2 (70 cm2) consistent with the reported surface area from

Narushin and Paganelli.38,39 Next, the number of mammillae per square millimeter varies between 180 and 300 (being more numerous in

younger hens36), which gives a conservative estimate of about 1.3 million mammillae per egg. The diameter of a typical mammilla at the level

of the membrane anchorage is usually slightly exceeding 100 mm2. With an average of approximately 10 fibers being anchored to each

Figure 3. Attachment of interdigitated eggshell membrane fibers to the shell across the microscale: Ubiquitous and progressive embedding of fibers

within calcitic shell mammillae

(A) During initial mineralization to form the eggshell, outermost membrane fibers become embedded within calcitic mammillae. mCT analysis.

(B) Deep learning was used to segment only mammilla-anchored fibers (purple) that are either completely embedded or interdigitated with mammilla calcite.

mCT analysis.

(C) Multiple fibers are anchored to all mammillae, thus attaching the membrane to the shell. mCT and FIB-SEM analysis.

(D) FIB-SEM serial-surface-view and segmentation of calcite mineral (gray) and fibers (purple) reveals tracts where fibers are anchored to themammilla (Video S7).

(E) At higher resolution in different reconstructed FIB-SEM volumes, both embedded and interdigitated fibers are observed, showing distinct morphologic

features.

(F) The mantles of the completely embedded uppermost fibers are thin and uniform, whereas the mantles of the interdigitated fibers are nonuniform and have

higher thicknesses.
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mammilla covering about 50 mm in length (not all fibers necessarily traverse the mammilla over the entire mammilla diameter), this calculates

to collectively 0.5 mm of anchored fiber length. Approximating fiber geometry to a cylinder being 3 mm in diameter, the surface area of the

anchored fibers adds up to 5,000 mm2 (0.005 mm2). Therefore, the total contact area between the anchored fibers’ surface and mammillary

calcite is, by a conservative estimate, about 6,500 mm2, which is very close to the total area of the egg. This appears natural – indeed, the

membrane and the shell collectively bound the egg – but it must be kept in mind that at the microscale the orthotropic fibers are aligned

with the egg surface, whereas the calcitic mammillae are oriented radially with respect to the egg surface. While the two layers of the

shell-membrane complex are parallel/congruent, the structural units of each layer are perpendicular to each other whichmakes their connec-

tion nontrivial. Should themammillary apices only touch themembranewithout 3D embedding/interdigitating, the area of contact would vary

between only 10–40%of the total egg surface, depending on the degree of bluntness of themammillary apices.Moreover, the area of contact

between the fibers and the mammillary calcite is further amplified by the fine protrusions of calcite into the fiber mantles in the form of spikes

or granules. Since one mineral spike extends into the mantle by about 500 nm, having a typical diameter of 50 nm, then the surface of one

spike would be 78,500 nm2 (0.08 mm2). With about 100 spikes protruding into every square micrometer of a hypothetically cylindrical fiber

mantle surface, the total spikes area is 8 mm2, which is an increase in the surface area of almost an order of magnitude. In other words, the

reciprocal anchorage system of fibers within calcite at the microscale, and of calcite within fibers at the nanoscale, ensures a total organic-

inorganic interface area of at least 560 cm2 per egg.

DISCUSSION

Functional properties of biomineralized tissues and structures are defined by intricate relationships between organic and inorganic constit-

uents, originating from nanometer length scales and in three dimensions33–35,40–42 – the avian eggshell being no exception. In eggshells, an

organic fibrous membrane located between the hard mineralized shell and the soft egg albumen forms an important physical and antimicro-

bial barrier, while also serving as a substratum for shell formation.4,21,22 Importantly, unknown features of themembrane determine the spatial

distribution of incipient mineral nucleation sites36 (related to organic cores that attached to the membrane fibers, and become the calcitic

mammillae of the shell21) that dictate the extent of attachment and the initial trajectory of mineralization. Membrane fibers are oriented

orthotropically, like amultilayeredmat, in which each fiber roughly follows the curvature of the egg surface. Conversely, the calcitic shell forms

from discrete quasiperiodic sites (which will becomemammillary apices) scattered over the outer layer of themembrane.Mineral growth then

extends radially, forming mammillary bodies and then the palisade columnar layer.4 The orthotropic membrane fibers and the radial crystal

domains are essentially perpendicular to each other, which renders surface congruency intuitively impossible. And yet, following these events

in shell formation, not only reliable attachment is enabled, but also protein occlusion into calcite likely ensures adequate dissolution kinetics.27

Here we described detailed aspects of the eggshell membrane in 3D using submicrometer-resolution mCT and FIB-SEM serial-surface-view

electron tomography. Our use of deep learning-assisted segmentation of fibers that differentiates thicknesses across relatively large mCT vol-

umes of up to 1 mm3 presents a method to assess broadly, and in detail, the intricacy of the membrane fiber and shell mammilla ‘‘contact’’

region. This turns out to be a reciprocal hierarchical assembly on its own account, endowing the natural incubator chamber – the egg – with

marvelous functionalities as being i) protective against pathogens and yet permeable for gas exchange, ii) strong from the outside yet pene-

trable from the inside (hatching), and iii) ensuring calcium flux from the hen to the shell to the chick skeleton.43,44

With very high calcium levels in the hen’s oviductal fluid, it remains unknown what limits mineralization to the outermost portion of the

eggshell membrane yet restricts mineralization elsewhere in the membrane. While the concept of broad default inhibition of mineralization

in soft tissues by small biomolecules and proteins in organic fiber systems has been noted, and conversely the promotion of mineralization

through the enzymatic degradation of these inhibitors (release from inhibition) – as summarized by the Stenciling Principle for mineraliza-

tion45,46 – there is no clear explanation yet for how the majority of the membrane fibers remain unmineralized. Evidence best supporting

Figure 4. Attachment of eggshell membrane fibers to the shell at the nanoscale: Multiscale assessment of fiber mineral granules and spikes

Transient amorphous mineral phases at fine dimensions are sensitive to aqueous-based conventional sample-preparation techniques.37 After acquiring several

FIB-SEM volumes that were conventionally processed and stained (A, D, F, and J) – versus cryo-prepared (B, C, E, and G–J) – BSE differences in contrast

suggested that within fiber mantles that adopt the more porous ‘‘void-like’’ morphology (D, black arrows, also see Video S8), there was in fact propagation of

small mineral spots/streaks (D, white arrows in inset). Diffuse electron diffraction reflections after SAED of fiber mantle from a FIB-prepared lamella of the

same sample corroborated that these were mostly voids with small amounts of mineral (F). For better characterization of the mammilla-embedded and

interdigitated fiber mantle "voids" that shows some evidence of mineral, an additional lamella (B, C, E, and G–I) was prepared using cryo-conditions to

preserve mineral, namely high-pressure freezing and freeze substitution. STEM/HAADF imaging of this lamella revealed two previously unrecognized mineral

morphologies (B) – mineral ‘‘granules’’ present in embedded fiber mantles (C), and mineral ‘‘spikes’’ of interdigitated fiber mantles (E), with the spikes often

being hundreds of nanometers in length. Electron diffraction of fiber mantle mineral from this cryo-prepared specimen was indicative of polycrystalline

calcite (G), with much stronger reflections than that after conventional aqueous preparation, but distinct from single-crystal calcite of the mammillae. These

data were further corroborated by EDS showing abundant Ca and O within the mantle (H, I). A thin mineralized layer was also observed at the interface

between the fiber core and mantle (white arrows in panels C, H, and I) in the cryo-prepared samples, which appeared as a narrow void/gap in the

conventionally prepared samples (A, D). Stained, conventionally prepared samples consistently show fiber voids extending into the core region of the fibers

(D, F, Video S8), and a gap between mantle and core regions (D, F), where mineral was found in cryo-prepared samples (C, H, I). Taking both preparations

together, these results indicate that fiber voids (D, J) from conventionally prepared specimens (up to 100 nm in thickness) are filled with mineral spikes in

native eggshell (E, J), and further suggest that the spikes extend through the mantle and slightly into the core region (D, F, J), as indicated by conventional

preparation staining patterns and void morphology within the core region (D, F, Video S9). Additionally, a uniform band of mineral appears to intervene

between mantle and core granules (C, H, I arrows).
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Figure 5. Summary describing multi-scale, self-affine and reciprocal attachment of organic fibers to eggshell mineral: A morphological basis for

membrane fiber anchorage underlying air sac formation

(A and B) Summary depiction of chicken eggshell-membrane relationships forming the structural basis for fiber attachment to the avian calcitic shell. During

transit in the hen’s oviduct (prior to laying), eggshell membrane fibers become anchored into mineral, and mineral penetrates into fiber mantles, collectively

securing a strong reciprocal attachment. After an egg is laid, cooling from loss of internal body warmth from the hen results in air ingress through shell pores

into the egg to form an air sac at the blunt end of the egg (where pores are more numerous) and which continues to increase in volume over time, and

provides oxygen to the developing chick. Using a low-resolution scout mCT scan, the exact coordinates of the membrane split were found (A, Figure S2) and

used to image this location at high resolution (C, also see Video S10). The split occurs exactly at the interface between inner (thinner) and outer (thicker)

membrane fiber layers, shown here in 2D and 3D, where the outer and inner membrane fibers detach from each other, with an intact (yet to be split) portion

of membrane still clearly visible adjacent to the shell (A, C). Splitting of the membrane in thickness at the blunt end of eggs, rather than complete

detachment from the mammillae, is ensured by anchorage of outer membrane fibers to the shell (A, left side lower panel and Video S10, see remaining fiber

anchorage to the mammillae). The present study provides a morphological basis for understanding how robust attachment is achieved between organic

fibers and mineral over multiple length scales, critical not only for air sac formation, but also for association of the underlying chorioallantoic membrane that

facilitates eventual shell dissolution, and for overall shell strength. In panel B, brightness variations result from changes in acquisition settings to adjust for

sample charging.
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the notion of inhibition of fiber mineralization in the avian egg is by in vitro biomimetic studies describing great difficulty in prompting intra-

fibrillar biomimetic mineralization of shell membrane fibers.47 Recently, this difficulty was overcome through the use of polycarboxylic acid

analogues bioinspired by similar protein chemistries operating at the level of mineralization regulation in a variety of marine and terrestrial

organisms, and in various in vitro model systems.47 These and other negatively charged proteins and peptides associate with metastable

amorphous mineral phases21 to form transient liquid-like precursors,48 and their degradation by enzymes likely facilitates mineralization;

such enzymes may be largely absent in the milieu of the eggshell membrane.

Here we show using a combination of cryogenic specimen preparation methods and electron imaging, diffraction, and spectral mapping,

that the mineralization of eggshell membrane fiber mantle and core regions does occur naturally in the specific instances where fibers inter-

digitate with, or are embedded within, shell mammilla mineral. In building upon the early work done by Dennis et al.,9 we describe in three

dimensions and at the nanoscale, the spatial extent of thismembrane fibermineralization which forms themorphological basis of the eggshell

attachment zone. This interface is spatially and specifically delineated by a unique thin membrane (Figure S1) whose outermost fibers are

embedded within shell mineral, and where in turn shell mineral reciprocally penetrates into the fibers as mineral spikes and granules.

Such a "pinning/nailing"mechanism at the nanoscale likely provides firm attachment strength by anchoring and preventing untimely detach-

ment of the fibers, thus preventingmembrane separation from the shell. Future studies of developing eggs prior to laying, dissected from the

shell gland at various stages of shell development, are necessary to determinewhether mineralization is initiated first within the fiber core and

mantle to proceed outwards, or conversely, whether initiating amongst other organics that broadly comprise the organic mammillary ‘‘tips/

knobs’’ (where there could be less inhibition). Mineralization in the mammillary tips would then proceed into the fibers with delicate granule

and spike morphologies now influenced by organic constituents of the fibers themselves (we believe this latter scenario to be more likely).

Also important to such studies would be the use of cryo-preservation methods to capture any amorphous or otherwise mineral phase tran-

sitions during granule/spike maturation. Unraveling the organic determinants of such fine mineral morphologies could contribute to bio-

inspired or bioengineered designs of interface and/or hybrid composite structures tailored from the nanoscale.

In conclusion, and in broader terms, in biological systems where there is a limited inventory of available materials, attachment between

highly dissimilar substances such as unmineralized andmineralized fiber systems requires unique structural adaptations to mitigate the accu-

mulation of critical stresses at and near the interface.49 With this in mind, biological structure (as it originates from atoms through the nano-

scale, and in three dimensions), is often vastlymore complex than engineeredmaterials, especially for organisms that incorporatemineralized

tissues where water, proteins, and minerals (and of course many other constituents) interact over time to achieve different phases and

morphologies.50,51 This self-affine, reciprocal anchorage system of having organic fibers penetrating bulk mineral at the microscale, and

with mineral spikes penetrating organic fibers at the nanoscale (fibers-into-mineral and mineral-into-fibers) provides a morphological basis

for understanding the membrane-shell attachment mechanism important to avian eggshell integrity and chick embryonic growth.

Limitations of the study

Asappliedhere, FIB-SEMserial-surface-view (Slice&View) imagingprovides critical 3Dnano-tomicroscale contextwhencombinedappropriately

with lower-resolution techniques that first indicate the broader occurrence of an identified morphological feature. Despite adding essential

context using such correlative imaging approaches, the preparation, acquisition, and analysis of 3D FIB-SEM data is a laborious process still

providing only a relatively small field-of-view. For any given study analyzed in this way, a limited number of samples can be evaluated by such

small-scaleelectronmicroscopy techniques.Beyond this, future studiesare required that characterize the featureswehaveshownfor thedomestic

chicken in additional avian eggshell types from different species, particularly where nanoscale resolution is required (to date, we have identified

fiber interdigitation in at least a similar manner to some degree also in Guinea fowl, quail, and duck eggs, as assessed in preliminary micro-CT

volumes – data not shown). Here we present data based on two sample processing techniques (conventional and stained specimens, cryo-pre-

pared unstained specimens) that showmineral spiking into the fibermantle and core. Additional work should be continued usingother advanced

cryopreservation techniques, and they should also be applied to eggshells at different stages of development and in different species.
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learning for 3D imaging and image analysis in
biomineralization research. J. Struct. Biol.
212, 107598.

ll
OPEN ACCESS

iScience 26, 108425, December 15, 2023 11

iScience
Article

http://refhub.elsevier.com/S2589-0042(23)02502-6/sref25
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref25
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref25
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref26
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref26
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref26
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref26
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref27
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref27
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref27
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref27
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref27
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref27
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref28
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref28
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref28
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref28
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref29
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref29
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref29
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref29
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref29
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref30
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref30
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref30
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref31
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref31
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref31
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref31
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref31
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref32
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref32
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref32
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref32
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref32
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref32
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref32
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref33
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref33
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref33
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref33
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref33
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref33
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref33
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref34
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref34
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref34
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref34
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref34
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref35
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref35
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref35
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref35
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref35
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref35
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref36
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref36
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref36
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref36
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref36
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref37
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref37
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref37
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref37
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref37
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref38
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref38
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref38
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref39
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref39
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref39
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref40
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref40
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref40
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref40
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref41
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref41
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref41
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref42
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref42
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref42
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref42
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref43
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref43
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref43
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref43
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref44
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref44
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref44
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref44
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref44
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref45
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref45
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref45
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref45
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref45
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref45
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref46
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref46
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref46
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref46
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref47
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref47
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref47
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref47
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref47
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref47
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref48
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref48
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref48
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref48
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref49
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref49
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref49
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref49
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref50
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref50
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref50
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref51
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref51
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref51
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref51
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref52
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref52
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref52
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref52
http://refhub.elsevier.com/S2589-0042(23)02502-6/sref52


STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and inquiries should be directed to and will be fulfilled by the lead contact, Marc McKee (marc.mckee@mcgill.ca).

Materials availability

Commercially available eggshells were acquired from North American breeders.

Data and code availability

Data: All data reported in this paper will be shared by the lead contact upon request.

Code: Not applicable.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Unfertilized and unincubated chicken (Gallus gallus domesticus) eggs were acquired from North American breeders. Although laying hen

information was not obtained for each egg analyzed, overall structural characteristics of each egg were assessed by optical microscopy

such that all samples analyzed were consistent with each other and with observations from prior studies.1,36

METHOD DETAILS

X-Ray micro-computed tomography (mCT)

Fresh unfertilized and unincubated (and therefore unhatched) chicken eggs were carefully opened from above the equatorial region (near the

pointed end of the egg) and the inner contents were drained. The remaining shell and attached membrane were gently and quickly rinsed

from the inside with several rounds of tap water (with gentle swirlingmotion) for about 2minutes to remove any remaining inner egg contents.

Small pieces of shell (approximately 5 mm 3 5 mm) were cut from the equatorial region using a sharp dissecting scissor, and the best-cut

pieces were chosen for mCT imaging. After drying overnight, intact shell and attached membrane pieces were imaged using an X-ray micro-

computed tomography scanner Xradia Versa 520 (Carl Zeiss, Oberkochen, Germany) having submicrometer resolution. ‘‘Scout’’ lower-reso-

lution warmup scans were performed with a 0.4x objective lens to ensure that final high-resolution scans would be located centrally within

each specimen (‘‘Scout and Zoom’’ method, Carl Zeiss, Oberkochen, Germany). High-resolution scans were performed with a 4x objective

lens, 60kV source voltage, and an exposure of 5s per projection. Detector and source distances were optimized to create a voxel size of

500 nm with no binning. 3000+ projections were obtained for each high resolution scan. Additional separate specimens from the equatorial

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-chicken osteopontin Dr. Louis C. Gerstenfeld Boston University

Biological samples

Avian chicken eggshells Commercially available, North American chicken breeders

Chemicals, peptides, and recombinant proteins

Paraformaldehyde Thermo Fisher Scientific AC416785000

Glutaraldehyde Electron Microscopy Sciences 16210

Sodium cacodylate buffer Electron Microscopy Sciences 12310

Potassium ferrocyanide Sigma-Aldrich P9387

Osmium tetroxide Electron Microscopy Sciences 19150

Experimental models: Organisms/strains

Commercially available chicken eggshells, from North American chicken breeders

Software and algorithms

Dragonfly Comet Technologies Canada Inc., Montreal (formerly Object

Research Systems Inc.)
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region were subject to mechanical removal of the membrane by hand, this after the rinsing step and while still hydrated. The membrane was

confirmed to be removed by a dissecting light microscope, this as compared to specimens with the membrane left intact.

For 3D imaging of the membrane split to form the air sac at the blunt end of the egg, a similar workflow for specimen dissection was em-

ployed. The air sac andmembrane split are visible under a dissectingmicroscope and by eye. After careful washing, and then removal of shell

above the split, the site of the physiologicmembrane split could be preserved. A significant portion of the shell above and below the split was

left intact so as not to disturb the split site of interest (Figure S2). To secure the inner membrane during scanning, a very small drop of strong

adhesive was painted onto the topmost portion of the shell fragment (significantly outside the volume to be scanned), and the free end of the

inner membrane ‘‘flap’’ was then gently secured at this position (Figure S2). These specimens were also left to dry overnight and imaged with

the same conditions as above. Since the inner membrane is only 10–15 mm thick, the ‘‘Scout and Zoom’’ method was critical to finding the

exact coordinates of the split, then allowing for high-resolution imaging at this precise location (Figure S2).

FIB-SEM operating in serial-surface-view mode

Four focused ion beam scanning electron microscope (FIB-SEM) serial-surface-view volumes were obtained at different resolutions to char-

acterize the eggshell membrane and its attachment to the calcite shell mammillae. Eggs were drained and rinsed with tap water in the same

manner as above, and then chemically fixed with 4% paraformaldehyde (Thermo Fisher Scientific) and 1% glutaraldehyde (Electron Micro-

scopy Sciences, Hatfield, PA, USA) in 0.1 M sodium cacodylate buffer (pH 7.3, Electron Microscopy Sciences, Hatfield, PA, USA) for 1 hour.

After washing in additional 0.1M sodium cacodylate buffer, specimens were stainedwith 4% potassium ferrocyanide-reduced osmium tetrox-

ide. Graded dehydration to 100% pure acetone was then followed by gradual infiltration with Epon resin over several days. Final polymeri-

zation in pure Epon was achieved over 2 days at 60�C. Cured Epon blocks were manually trimmed to a suitable plane within the embedded

eggshell, and then the blockfaces were polished using a Struers LaboSystem polisher. Semi-manual polishing was done without using the

LaboSystem head. A series of polishing steps was applied for approximately 5–10 minutes of polishing per stage. Each mat was rinsed

with water and dampened before addition of slurry and lubricant. The specimen was briefly rinsed in a sonicator between each polishing

step. After polishing, the block was attached to a metallic stub, coated with a 5-nm layer of Pt on the polished face, and imaged initially using

SEM-BSE to define a suitable region of interest. FIB-SEM serial-surface-view imaging was conducted using an FEI Helios Nanolab 660 (first 2

volumes), and aHitachi EthosNX5000 (2 other volumes, and lamella preparation as explained below). Volumes 1 (Figure S1) and 2 (Figures 1D,

1E, 2C, 2D, and 3D, Videos S3, S4, S5, and S7) were collected with conditions of 2 kV imaging voltage and 0.79 nA milling current with slice

thicknesses of 41 nm and 70 nm, respectively, achieving isotropic voxel resolutions over total volumes of 36,132 mm3 (approximately 643 433

13 mm) and 328,530 mm3 (approximately 1113 733 41 mm). To achieve such a large volume in Volume 2, the length of the eggshell membrane

was oriented parallel to the direction of the ion beam (Figure S2). Electron imaging on the opposite face was conducted within a few mms of

the ledge so as to avoid heavy curtaining artifacts. Volumes 3 (Figures 3E, 3F, and 4A, Video S8) and 4 (Figure 3E rightmost image; Figures 4D

and 4J [except for cryo-prep image]) were collected on theHitachi EthosNX5000 using a 2 kV source voltage 1.5 nAmilling current, with image

formation occurring separately from both upper and lower backscattered electron populations simultaneously (BSE-U and BSE-L detectors,

see Figures 4A and 4D). Slice thicknesses of these volumes were both 14 nm, with volume 3 x/y resolution at 12.5 nm, and Volume 4 continuing

for some additional time with x/y resolution 6 nm, to achieve final volumes of 2,739 mm3 (approximately 163 143 13 mm) and 48 mm3 (approx-

imately 63 63 1.3 mm), respectively. Each stack of images was registered and aligned in Dragonfly using the slice registration toolkit ‘‘mutual

info’’ algorithm. Nonisotropic Volumes 3 and 4 were registered with correct pixel sizes to create accurate 3D segmentations.

Segmentation and image analysis

Dragonfly image analysis software with deep learning capabilities (Comet Technologies Canada Inc., Montreal, formerly Object Research

Systems Inc.) was used to analyze all image data. To assess overall morphological differences between inner and outer membrane fibers

of Micro-CT data, and to segment the calcite shell in these acquired volumes of nearly 1 mm3 at a resolution of 500 nm/voxel, deep

learning-based segmentation was employed. From several projections of the en face view of the membrane (derived as a new dataset

into the image plane), segmentation of ‘‘ground truth’’ slices was carried out using the range and ROI painter tools. Additional separate

‘‘ground truth’’ examples were taken of embedded fiber tracts (also of lower overall grayscale values than the surrounding calcite). A

mask ROI was created to label each slice that was manually segmented. For each region (normal membrane fibers and embedded fiber

tracts), a separate convolutional neural network (CNN) was generated with an architecture having a depth of 5 layers and 64 convolutional

filters per layer (and with inputs being partitioned into learning [80%] and validation [20%] subsets). Training parameters were patch size

of 64, the S:I ratio was 0.5, and the batch size was 64. Training continued until no improvement was made for 10 epochs. After initial segmen-

tation, corrections were made on different slices, and the models were further refined in an additional round of training. This approach was

demonstrated recently in a review with case studies with special emphasis on mineralized tissues (including eggshell).52 Both normal fibers

and fiber tract segmentation labels were combined into one, thus labeling all of the membrane fibers including those interfacing with and

within shell mammillae calcite. For select volumes, only the fiber tracts (embedded and interfacing fibers) are shown. For other select volumes

thickness mapping was applied using Dragonfly software after 3 rounds of smoothing (k = 3) to reduce computational expense.

To segment stained fibers, fiber mantle and core regions, and calcite mammillae of FIB-SEM volumes, a similar deep learning-based

approach to the Micro-CT data was utilized. Briefly, 1–2% of total image slices from each FIB-SEM stack were manually segmented using

Dragonfly ROI painter tools. Corrected slices were provided as training input for a convolutional neural network (CNN), again using default

architecture (depth of 5 layers and 64 convolutional filter per layer). Training parameters were the same as above, except for batch and patch
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sizes of 32. Training stopped after 10 consecutive epochs with no improvement in learning (based on the training/validation loss convergence.

Different semantic segmentation models were trained for each target class – for example, fiber mantle vs. core vs. mammillae. The model for

the largest volume of the membrane in full cross-section was trained to recognized and ignore minor bright curtaining artifacts toward the far

edge of the volume. Three rounds of object smoothing were applied to each segmentation output (kernel = 3). This is a minimum smoothing

step and is designed to reduce computational expense for subsequent analyses. Volume thickness maps were also created of select FIB-SEM

segmentations and cropped regions from these segmentations using the ‘‘volume thickness map’’ operation. This operation computes

maximum possible diameters within 3D foreground features. Sphere diameters are then color coded and also displayed as histogram distri-

butions for appropriate panels. Shadowing effects are used to highlight texture and orientations of FIB-SEM3D segmentations. Directionality

mapping was completed with the Dragonfly software Bone Analysis plugin using a surface normal algorithm and segmentation input of the

full membrane in cross-section.

To approximate what the surface area of a theoretical ‘‘nonspiked’’ mantle would be (as it would interface directly to mammilla calcite), a

cylinder was created in Dragonfly and modified to have its curved dimension approximating the overall true spiked fiber mantle curvature

(shown in Figure 4J). While the cylinder was selected, the view mode was changed to a nonplanar view. From this view, multislice painting

with the smallest brush was used to label this curvature as a thin plane approximating an equivalent smooth mantle curvature. The surface

area of mantle spikes/voids from Figure 4J was then compared to the surface area of the theoretical nonspiked thin plane to determine

the magnitude difference in the inorganic-organic attachment area provided by the mineral spikes in native eggshell.

S/TEM and TEM imaging

Sample preparation

� Lamella 1 – Conventional preparation:

From the same block as FIB-SEM Volume 3, front and back trenches were progressively milled into the blockface at the tip of a different

selected mammilla to create a thin lamella where several mammilla-embedded and interfacial fibers were visible. A standard lift-out tech-

nique using the Hitachi Ethos NX5000 FIB-SEM was used to trim the lamella to a final thickness of around 250 nm (Gallium milling at 30

keV, 1.5 nA; 30 keV, 280 pA; 15 keV, 100 pA; and 10keV, 50pA; with each step being applied to both faces of the lamella). Sequential reduction

in current and voltage was applied to decrease contamination and an amorphous gallium layer in the lamella. A final step of 210 s of Argon

(each face receiving half this duration) at 2 keV was applied to eliminate any residual gallium.

� Lamella 2 – Cryo-preparation:

Different chicken eggshells were rinsed and briefly washed in the same manner as mentioned in the sections for X-ray and FIB-SEM spec-

imens. Exactly following this, eggshell pieces (with membrane) were placed in a dish with cryoprotectant (hexadecane), and placed in a vac-

uum for 30min.Within 2 h, all eggshell pieces were cryo-fixed using a Leica EM ICE (Leica,Wetzlar, Germany), and samples were subsequently

dehydrated into pure acetone by freeze substitution in a Leica ASF2. Standard infiltration and embedding in Epon resin, and block prepa-

ration were conducted as outlined in the FIB-SEM section above. Lamella preparation of this cryo-prepared specimen was carried out similar

to Lamella 1 above using the Hitachi Ethos NX5000 FIB-SEM.

� Decalcified sections and immunogold labeling for osteopontin:

Equatorial-region eggshell samples with attached eggshell membrane were chemically fixed with 4% paraformaldehyde (Thermo Fisher

Scientific) and 1% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in 0.1 M sodium cacodylate buffer (pH 7.3, Electron

Microscopy Sciences, Hatfield, PA, USA) for 1 h. After washing briefly in additional 0.1 M sodium cacodylate buffer, specimens were decal-

cified in 8% EDTA, and then gradient-dehydrated to 100%pure ethanol, and then gradually infiltrated and embedded in LRWhite acrylic resin

(ElectronMicroscopy Sciences, Hatfield, PA, USA). Final polymerization in pure LRWhite was achieved over 2 days at 60�C. Cured resin blocks

were manually trimmed to a suitable plane within the embedded eggshell, and microtomed with a diamond knife for light microscopy at 0.5-

mm-thickness, or at 80-nm-thickness for TEM using a Leica Ultracut E ultramicrotome. For immunogold labeling and TEM, grid-mounted sec-

tions were incubated with anti-chicken polyclonal osteopontin antibody (courtesy of Dr. Louis Gerstenfeld) followed by protein A-gold con-

jugate (14 nm gold particle size, from G. Posthumus, University of Utrecht, The Netherlands). Labeled grids were then conventionally stained

with uranyl acetate and lead citrate.

Imaging

Transmission (TEM) and scanning transmission electron (S/TEM) microscopy were performed on conventional and cryo-prepared specimens.

TEM imaging was conducted using a Talos F200X S/TEM microscope (Thermo Fisher Scientific) equipped with a 4k x 4k Ceta 16M CMOS

camera and operating at 200 kV, and using a 40 mmobjective aperture. Diffraction patterns were collected after removing the objective aper-

ture, changing the cameramode toHDRwith a camera length of 330mm, and inserting a selected area aperture (270 nm). For EDSmapping, a

unique STEMfield emission gun register was utilized (changing the gun length to 3, and spot size 6), and camera length was set to 98mmwith

no aperture inserted. A spectrum image area containing features typical of mammilla, mantle, and core (of the cryo-prepared lamella) was

created alongside a separate smaller drift area. Spectra intensities were recorded for 15 min as maps for Ca, O, and C. High-resolution
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STEM imaging (gun length = 5, spot size 9) of mineralized fiber morphology was also conducted on the Talos F200X using a high-angle

annular dark-field (HAADF) detector (collecting only electrons scattered to 58–200 mrad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Dragonfly image analysis software with deep learning capabilities (Comet Technologies Canada Inc., formerly Object Research Systems Inc.,

Montreal, QC, Canada) was used to segment and analyze all image data (used for segmentation in Figures 1, 2, 3, 4, and 5; Figure S1). Details

of this process can be read in the ‘‘segmentation and image analysis’’ section, and also in a recent review with case studies on the use of deep

learning for 3D imaging in biomineralization studies.52 The thickness mapping operation in the software computes maximal fitting diameters

within 3D foreground features. Sphere diameters were then automatically color coded as part of the available plugin ThicknessMap, and also

displayed as histogram distributions for appropriate panels (analysis used in Figures 1, 3, 4, and 5). Directionality 3D vector mapping was

completed with the Dragonfly software Bone Analysis plugin using a surface-normal algorithm and segmentation input of the full membrane

in cross-section (analysis used in Figure 1).

Quantitation via sphere thickness mapping and corresponding histogram distributions of mapped sphere values were computed and

plotted directly in the Dragonfly software (values taken directly from raw and/or segmented data). Histograms were exported fromDragonfly

into.tiff files shown in Figure 1 panel B and D, Figure 3 panel F, Figure 4 panel J, and Figure 5 panel C. In Figure 1 panel D, M represents the

arithmetic average of the dataset, and Mdn represents the value at which half the recorded sphere thicknesses fall below and half above. In

Figure 2D, pie charts were created from the volume of each segmented region (mantle, core, and interfibrillar space). These values were

exported to aMicrosoft Excel file and plotted. All other data figures and panels, and this paper’smain findings, are validated through detailed

imaging study and correlative descriptive analysis across multiple scales.
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