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Biological systems are well known for their ability to construct remarkably
complex and mechanically robust skeletal structures from a great diversity of
minerals. One such example, silica, is widely used in the synthesis of skeletal
elements (spicules) within the phylum Porifera (the sponges). As a result, members
of this diverse group have served as useful model systems for analysis of the
dynamic processes of biosilicification and for investigating structure function
relationships in their often hierarchically ordered skeletal systems. This article
describes in detail the skeletal diversity within the two silica-forming sponge
classes, the Demospongiae and the Hexactinellida, and through the use of several
representative examples, discusses the mechanical consequences of the various
modes of construction implemented as well as the potential evolutionary pressures
that resulted in their observed structural complexity.

Keywords: Biomineralization; Biosilica; Composite; Fracture mechanics; Porifera

INTRODUCTION

The diversity of silica skeletal systems in the phylum Porifera (the
sponges) is truly remarkable [1–5]. Despite the nearly 200 years of
scientific data available on the subject, however, there is no unified
theory that can explain the observed complexity at the ultrastructural
level of the individual spicules or the mechanisms and design princi-
ples by which they assemble to produce hierarchically organized
skeletal networks.

The two main silicifying sponge classes, the Demospongiae and the
Hexactinellida, differ significantly from one another with respect to
spicule symmetry, structural diversity, and basic histology. While
demosponges consist predominantly of loose aggregations of individual
cells with specialized functions, the hexactinellids are principally
composed of massive multinucleate syncytia1 [5–7]. These differences

1A syncytium is a large cell-like mass of cytoplasm containing multiple nuclei and
enclosed in a membrane with no internal cell boundaries. Syncytia frequently result
from the fusion of two or more cells.
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in histology have a dramatic effect on the dimensional limits of the
spicules synthesized by members of these two sponge classes.

In demosponges, the maximum spicule size encountered is
typically a few millimeters in total length [1,2]. This limitation
is mainly related to the fundamental mechanisms, by which these
spicules are formed. In these sponges, recent evidence suggests that
the central axial filament that provides a substrate for early silica
deposition is synthesized in its entirety prior to silicification [8]. As
a result, the maximum dimensions of a single spicule are fundamen-
tally limited by the extensibility of the individual cells involved in
axial filament synthesis.

High-resolution structural analyses of demosponge spicules have
revealed that the central axial filament is hexagonal, or some deriva-
tive thereof, in cross-section and is surrounded by concentric lamellae
of consolidated silica nanoparticles [9,10]. While the silica surrounding
the axial filament is deposited in layers exhibiting variability in the
degree of silica condensation, there are no detectable quantities of
organic matter present [9,10].

These general design strategies of demosponge spicules differ
significantly from those seen in the hexactinellids. Whereas hexa-
ctinellid spicules also possess a proteinaceous axial filament, it is dis-
tinctly square in cross-section [11], in contrast to the hexagonal form
found in demosponges [12–14]. The cross-sectional morphology of
these axial filaments plays a direct role in establishing the unique
three-axis (or six-rayed) geometry characteristic of the hexactinellid
spicules. Lateral filament outgrowth from the four faces of the main
central axis results in the formation of three distinct axes (two in
addition to the central axis) that intersect one another at right
angles. In addition to the unique axial filament morphology found
in the hexactinellids, the mechanism of axial filament synthesis also
appears to be distinct. Unlike demosponge axial filaments, which are
synthesized in their entirety prior to silica deposition, those in the
hexactinellids appear to grow continuously during spicule biosynth-
esis [15]. This central organic scaffold is reportedly connected to the
surrounding syncytium via an opening in the end of each spicule
ray, and once spicule lateral growth has ceased, the openings are
sealed by the deposition of additional silica [4]. In addition to the
growth potential of the axial filament, because of the syncytial nature
of the sclerocytes, there is practically no limitation to the dimensions
of the synthesized spicules.

The following discussion of sponge spicule architectural diversity
is based on the observations obtained from a wide range of different
demosponge and hexactinellid species. Because of the ultrastructural
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simplicity of demosponge spicules outlined above (consisting of fused
concentric lamellae of consolidated silica nanoparticles), they will be
used as a comparative metric for the following analysis of hexactinellid
skeletal diversity. Based on these observations, we attempt to explain
the basic design features from a mechanics perspective in hopes of
gaining additional insight into the potential evolutionary pressures
that resulted in the observed structural diversity.

MATERIALS AND METHODS

Research Specimens

Aphrocallistes vastus and Rhabdocalyptus dawsoni
Both species were collected by SCUBA at Foley Head, Hotham

Sound=Jervis Inlet, British Columbia at ca. 25m depth.

Euplectella aspergillum
Specimens of Euplectella aspergillum (of Philippine origin) were

received as dried skeletons.

Monorhaphis chuni
Specimens used in this study were collected from two locations:

1. New Caledonia, near Lifou (Loyalty Island) at a depth of 1905m
during the CALSUB campaign of the IRD 1989.

2. Norfolk Ridge at a depth of 1200m during the HALIPRO campaign
in 1996.

Sample Preparation

A. vastus and R. dawsoni
The A. vastus sample, depicted in Figs. 3A and B, was soaked in

freshwater to remove the residual salts, flash frozen in liquid nitrogen,
and lyophilized. All other skeletal material from either A. vastus or
R. dawsoni was soaked in a 5.25% solution of sodium hypochlorite
until all of the organic material had been removed. The samples were
then washed five times with Milli-Q (Millipore-purified) water, and
air-dried at room temperature.

M. chuni
All spicule specimens from M. chuni were surface cleaned with

Milli-Q water and air-dried at room temperature.
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Scanning Electron and Optical Microscopy

Excised portions of the mineralized skeleton of each sponge species
were examined by optical microscopy and then mounted on aluminum
disks using either conductive carbon tabs, silver paint, or conductive
epoxy, depending on the preferred orientation of the sample being
examined. Following mounting, all samples were sputter-coated with
gold and examined with a Tescan Vega TS 5130MM (Brno, Czech
Republic) scanning electron microscope.

Mechanical Testing

Nanoindentation
Spicule segments were embedded in M-Bond AE-15 (M-Line,

Raleigh USA) epoxy resin, sliced into ca. 3-mm thick transverse sec-
tions using a diamond cutting wheel, and polished with diamond lap-
ping films with particles sizes down to 0.1 mm under a constant flow of
fresh water.

For mechanical testing, nanoindentation was performed using a
Triboscan nanoindenter system (Hysitron, Minneapolis, MN, USA)
and cube-corner tips. Indentations were applied with a high-load
transducer permitting applied loads up to 1N. High loads were
mainly selected to ensure damage in the thin-layer region of the
spicules. For all indents, the peak load was held constant for 10 s
before unloading. Control indentations were made on a fused
quartz control slide under similar experimental conditions. After
indentation, the samples were sputter-coated with gold and
examined with a Tescan Vega TS 5130MM (Brno, Czech Republic)
scanning electron microscope (both before and after sonication).
The images presented in Fig. 9 are representative of the results
obtained.

3-Point Bending Tests
Each of the synthetic glass rods and the giant anchor spicules from

M. chunimeasured ca. 5mm in diameter. The test samples were cut to
length with a diamond cutting wheel, surface cleaned with Milli-Q,
water, and then air dried at room temperature.

Three-point bending tests were conducted with a 5543 Instron
(Norwood, MA, USA) tensile and compression testing machine using
a displacement control rate of 2.5mm=min. A standard three-point
bend fixture (Instron) was used and the span was 4 cm.
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Solid-State 29SiNMR

Solid-state 29Si NMR experiments were conducted at UCSB on a
Bruker (Billerica, MA, USA) DMX-300 spectrometer with a wide-bore
7.0 Tesla superconducting magnet operating at a 29Si Larmor
frequency of 59.6MHz. The experiments were carried out at room
temperature under magic-angle-spinning (MAS) conditions (8 kHz)
using a 4-mm double-resonance MAS probehead, on powders prepared
from the spicule samples. Single-pulse 29SiNMR signals were
acquired using 1024 transients with a 60 s recycle delay between the
transients. 1H heteronuclear decoupling was applied during acquisi-
tion using a SPINAL64 decoupling scheme and a 1H radio-frequency
field strength of 60kHz. 29Si signals are referenced to TMS.

RESULTS AND DISCUSSION

Aphrocallistes vastus

Despite their vast structural diversity (Fig. 1), the smallest of the
hexactinellid spicules exhibit a basic design remarkably similar to
those encountered in demosponges (such as Tethya aurantia; cf. [10]),

FIGURE 1 (A) Structural diversity and (B,C) regiospecificity of hexactinellid
spicules (adapted from [5,34]).
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consisting of a central axial filament surrounded by concentric
lamellae of consolidated silica nanoparticles. When these spicules
are fractured, like those from demosponges, they fail catastrophically
without any indication of the presence of structural boundaries
(Fig. 2A) via the uninterrupted propagation of a single dominant
crack.

In the skeletal system of Aphrocallistes vastus (Fig. 3A), for exam-
ple, the outer surface is almost completely covered with numerous
such spicules that are held in place by the syncytium and are posi-
tioned perpendicular to the surface (Figs. 3B–D) [5]. While these
spicules do exhibit the unique three-axis symmetry characteristic of
hexactinellids, the rays are unequally developed, resulting in the
formation of the characteristic pinnule (sword shaped) spicules shown
in Fig. 3D. Beneath this outer layer of protective spicules is the main
skeletal lattice [4,5]. This skeletal lattice consists of an intricate net-
work of fused six-rayed spicules (hexactines), each of which measures
ca. 200 mm in length (Fig. 3G).

These spicules are fused together at the end of each ray in such a
manner that results in the formation of a rigid honeycomb-like archi-
tecture (Figs. 3E, F) and can exhibit a remarkable degree of ordering
when viewed in cross-section, with many of the constituent spicules
fused at right angles with respect to one another (Figs. 4A, B).

The organic scaffold (consisting of the six-rayed axial filaments)
is not continuous throughout the lattice, although it may overlap at
the points of fusion between two neighboring spicules (Figs. 4C–E).

FIGURE 2 Failure modes of (A) nonlaminated and (B) laminated spicules. (A)
is from the demosponge Tethya aurantia and (B) is from the hexactinellid
Monorhaphis chuni.
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This observation suggests that the ray length of the constituent
spicules are largely synthesized in their entirety prior to incorpora-
tion into the lattice. While this may be the case, at the points of
spicule fusion there are no indications of structural boundaries,
indicating that the lattice formation is largely a continuous process
and that the process of spicule cementation may occur as a continua-
tion of the lateral growth of the constituent spicules [5]. In A. vastus,
as is the case for many other closely related hexactinellid sponges of
the order Hexactinosida, the incorporation and direct fusion of small
spicules into a rigid skeletal lattice is a common and characteristic
design strategy [4,5]. The maximum length of all spicules in these
species does not exceed a few millimeters in length. Thus, a design
strategy similar to that observed in the demosponge spicules, coupled
with the hierarchical assembly and cementation described above,
apparently is sufficiently robust to survive the loading regimes
experienced by these species.

FIGURE 3 (A–D) External armament of Aphrocallistes vastus (A). (B, C) The
external surface of A. vastus is completely covered with (D) protective pinnule
spicules, each of which measures ca. 650 mm in length. (E-G) Primary skeletal
system of Aphrocallistes vastus. Various progressively magnified views of the
honeycomb-like skeletal network of A. vastus, which is composed entirely of
fused hexactines. In this series of images, the pinnule spicules (shown in
B–D) have been removed.
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Rhabdocalyptus dawsoni

From a structural and mechanical perspective, the most remarkable of
the hexactinellid spicules are the significantly larger ones that form
the basis of the skeletal system of many species such as Rhabdocalyp-
tus dawsoni (Fig. 5A). These spicules, which lie spatially isolated from
one another in R. dawsoni, can frequently measure up to a centimeter
or more in length (Fig. 5B) and are characterized by their distinctive
laminated architecture. These spicules consist of a solid featureless
central cylinder of silica that encases the axial filament and is
surrounded by concentric lamellae of consolidated silica nanoparticles

FIGURE 4 (A) Exterior and (B) interior views of the highly ordered network
of fused hexactines in Aphrocallistes vastus. (C–E) Three-dimensional struc-
tural rendering of the location of the organic scaffold (shown in blue) within
the skeletal lattice of A. vastus. Data used for the 3-D renderings were
obtained from [5] and our optical microscopy studies.
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and organic thin interlayers, forming a microlaminate (cf. Figs. 2B,
12B, C).

The fact that longer cylinders of a given radius are less mechani-
cally robust is intuitive, but to illustrate the point: consider two cylin-
ders of equal radii but having different lengths, both fixed at one of
their ends. If a load is applied orthogonal to the central axis of each
cylinder, then the cylinders will be perturbed from their linear shape
and the bending about the fixed end will either be balanced by a reac-
tionary force or the cylinder will begin to fail. The cylinders will flex
more with increasing distance of the applied force from the fixed
end. Because longer spicules can receive a load further from its fixed
point, they can be subjected to a greater strain per unit force applied
and therefore have a greater chance of failure. Furthermore, surface
abrasions and other defects lead to premature failure because they
act as sites for strain concentration and instigate the formation of
cracks. In nonlaminated spicules, a single crack has a high probability
of resulting in catastrophic failure. Since longer spicules can accumu-
late more abrasions and surface defects, a laminated architecture is an
effective means by which to inhibit crack propagation.

When examined in cross-section, there is a distinct reduction in
silica layer thickness from the spicule core to its periphery. The thin-
ner outer layers significantly limit the depth of crack penetration into
the spicule interior, effectively increasing the damage tolerance of this

FIGURE 5 Skeletal system of Rhabdocalyptus dawsoni. (A) Illustration of
the North Eastern Pacific hexactinellid R. dawsoni, shown approximately
life-size and (B) its mineralized skeletal system consisting largely of laminated
needle-like spicules. ((A) adapted from [5]).
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composite structure [16–21]. In addition, the number of silica layers
increases with increasing spicule length, with the largest laminated
spicules from R. dawsoni containing 15 or more separate silica layers.
While it is tempting to attribute the reduction in layer thickness that
accompanies spicule diameter to the deposition of a fixed volume of
silica per layer (which would result in a continuous reduction in layer
thickness as a function of spicule radial growth), these trends are not
typically observed.

The benefits of damage tolerance and reduced sensitivity to flaws
imparted by the laminated structure can be predicted from estab-
lished models of fracture mechanics for the two limiting cases shown
in Fig. 6 [23]. In the first, the material is modeled as a series of weakly
bonded brittle plates, each of thickness t, with flaws of length c, and a
fracture toughness Kc. Provided that the dominant crack (consisting,
say, of several broken plates) is sufficiently blunted by the organic
interlayer to completely mitigate the associated stress intensity,
renucleation can occur only when the stress in the intact layers
reaches its intrinsic strength: ro ¼ Kc=1:12

ffiffiffiffiffi
pc

p
. Since, in this limit,

the stress in the intact layers is uniform, the fracture stress (in

FIGURE 6 Normalized strength vs. crack length for laminated and mono-
lithic materials. The thickness of the organic interlayers (highlighted in gray)
is exaggerated in the illustration.
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normalized form) becomes rf
ffiffi
t

p
=Kc ¼ ð1� a=WÞ

ffiffiffiffiffiffiffiffiffi
t=pc

p
=1:12. In the

second case, the material is treated as a homogeneous monolithic
body, also with fracture toughness Kc. The corresponding fracture
stress is rf

ffiffi
t

p
=Kc ¼

ffiffiffiffiffiffiffiffiffi
t=W

p
=1:12

ffiffiffiffiffiffiffiffiffiffiffiffiffi
pa=W

p
. Comparisons of flaw sensitiv-

ities of the two structures are presented in Fig. 6, for the case wherein
t=W¼ 0.01 (a laminate with 100 layers) and an intrinsic flaw size
c=t¼ 0.2. The number of layers selected for this model is arbitrary,
but lies well between two of the cases discussed in this report
(R. dawsoni and M. chuni). Clearly, the effects of the laminated struc-
ture on spicule strength are significant. For instance, for a crack com-
prising five broken layers (a=t¼ 5 and hence a=W¼ 0.05), the retained
strength of the weakly bonded laminate is about five times that of
the monolithic body with the same crack dimension. The behavior of
the spicules is expected to lie between these two limits, depending
on the extent to which the organic interlayers mitigate the near-tip
stresses.

Monorhaphis chuni

Amodification to the basic laminated spicule design strategy described
in R. dawsoni is observed in Monorhaphis chuni. In this species, and
in stark contrast to all other genera of sediment dwelling hexactinel-
lids (Fig. 7), skeletal support and benthic anchoring is provided by
a single monolithic anchoring spicule measuring up to three meters
long and almost one centimeter thick [22], a portion of one such spicule
is shown in Fig. 8A.

Presumably as a consequence of its large size and in response to the
local environmental conditions (prevailing currents, etc.), the spicule
develops a natural curvature (Figs. 8A, B). This creates spicule zones
of maximum tension and compression and is accompanied by a distinct
asymmetry in silica layer thickness; the thinnest exterior layers under
maximum tension help limit the depth of crack penetration, while the
thickest exterior layers prevent buckling in the zone of maximum com-
pression (Figs. 8C–F) [23]. In many instances, large spicules (greater
than 2m in length and containing nearly 500 separate silica layers)
develop an elliptical cross-section, with the major axis of the ellipse
coinciding with the direction of curvature (Figs. 8B, C).

The layer asymmetry observed in M. chuni is unique to this species
and is most likely a stress-induced response to the predominantly uni-
directional bending regimes of this monolithic structure, thus, raising
intriguing questions as to the sensory and silica deposition regulatory
mechanisms that result in this remarkable design strategy. Despite its
exceptional rarity and deep dwelling nature (frequently encountered
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at depths exceeding 2000m), the giant anchor spicule from M. chuni
has proven to be an exceptionally useful model system for investigat-
ing a wide range of chemical, mechanical, and ultrastructural proper-
ties of laminated spicules, mainly due to its unusually large size
[24–26]. No other described species of sponge synthesizes spicules that
are even remotely comparable in dimensions with that encountered in
this species. This attribute makes it an ideal research subject for
mechanical and compositional studies of biosilica, using techniques
that are not readily applicable to smaller spicules. For instance, using
Raman spectroscopy for chemical mapping of the spicules from this
species [25], it was revealed for the first time that the organic inter-
layers are protein-rich, based on their characteristic C-H stretch and
amide vibrational signatures (Fig. 8G).

Additional information obtained from high load nanoindentation
studies reveal the remarkable energy-dissipating properties of this
laminated architecture [23]. Nanoindentation results demonstrate

FIGURE 7 Holdfast diversity in hexactinellid sponges. In stark contrast to
other sediment-dwelling hexactinellid sponges (from left to right: Hyalonema,
Chaunangium, Semperella), Monorhaphis (far right) is anchored into the sea
floor by a single giant spicule measuring up to 3m long and nearly 1 cm thick
(adapted from [4,5,35]).
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that when compared with the monolithic material encountered in the
central cylinder region immediately surrounding the axial filament,
the laminated architecture effectively inhibits crack initiation from

FIGURE 8 (A) Design features of the giant anchor spicule of Monorhaphis
chuni (sponge photo adapted from [5]). Unidirectional spicule curvature results
in asymmetrical strain accumulation. The large white arrow in (B) indicates
the direction of bending, resulting in specific zones under tension and compres-
sion. Cross-sections through the spicule shown in (B) [(C) graphical representa-
tion and (D–F) environmental SEM images] reveal the accompanying
asymmetrical silica deposition. (E) The difference in silica layer thickness from
one side of the spicule to the other (in the direction of loading) is nearly 6-fold
[(D) ca. 500nm per layer (F) ca. 3 mm per layer]. (E) The thickest layers, imme-
diately surrounding the central cylinder, measure ca. 10 mm thick. (G) Raman
chemical mapping of M. chuni spicule cross-sections. C-H stretch (2937 cm�1)
and amide (1655 cm�1) vibrations through the spicule cortex confirm that the
organic interlayers are protein-rich. C-H stretch vibrations (2937 cm�1) around
the axial filament confirm the presence of extra-axial filament occluded organ-
ics within the biosilica (Si-O-Si at �800 cm�1 and Si-OH at 975 cm�1) and an
accompanying decrease in the degree of silica condensation. (B) and (G)
adapted from [25], used with permission from Materials Research Society.
(D) and (F) adapted from [23], used with permission from Wiley.

Design Strategies in Skeletal Systems 85

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
C
a
l
i
f
o
r
n
i
a
,
 
S
a
n
t
a
 
B
a
r
b
a
r
a
]
 
A
t
:
 
1
6
:
2
5
 
5
 
M
a
y
 
2
0
1
0



the corners of the indents (Fig. 9). All of the applied energy appears to
be dissipated locally with no net effect on the macroscopic structural
integrity of the spicule. In addition, the extent to which the damage
field extends beyond the site of indentation critically depends on the
relative distance between the organic interlayers [23].

Cross-sections through a fractured spicule (Figs. 10A, B) clearly
reveal the crack-stopping properties of the organic interlayers, which
exhibit a distinctive stair step-like crack pattern resulting from multi-
ple sequential arrests and renucleations during crack propagation. In
addition to the crack deflecting capabilities of the organic interlayers,
a propagating crack can even be confined to a specific radial depth
as it travels parallel to the long axis of the spicule in a helical

FIGURE 9 Regiospecific indentation fracture in the giant anchor spicule of
Monorhaphis chuni. SEM images illustrating the crack morphology and
extent of damage created by (A,D) indentation before (upper) and after (lower)
sonication in the monolithic core, (B,E) the thick layer region immediately sur-
rounding the monolithic core, and (C,F) the region of minimum layer thickness
near the spicule exterior on the side of tensile loading of the spicule shown in
Fig. 8B; core (non-laminated) region, 100mN (A) before and (D) after sonica-
tion; thick layer region, 200mN indent, (B) before and (E) after sonication; thin
layer region, 200mN indent, (C) before and (F) after sonication. The black
triangle in (D–F) represent the locations of the initial impressions in (A–C),
respectively. (A) and (D) adapted from [23], used with permission from Wiley.
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fashion, fracturing only the silica layers immediately adjacent to the
crack trajectory (Fig. 10C). The energy dissipated in this damage mode
is significant if one considers that a 2-m long spicule measuring 5mm
in diameter can propagate a crack over 1m long through the spicule
without any significant loss in its structural integrity.

To investigate how the observed micromechanical properties
revealed in the nanoindentation studies affect the global macro-
mechanical properties of the giant anchor spicule of M. chuni, we con-
ducted a series of three-point bending tests (Fig. 11) on these spicules,
similar measurements of which have been reported elsewhere [21,24].
These results were compared with those obtained from duplicate tests
performed on monolithic glass rods of similar dimensions (both ca.
5mm in diameter) and similar moduli (36GPa for the synthetic glass
rod and 23GPa for the spicule). The fracture stress (sometimes
referred to as the ‘‘modulus of rupture’’) was calculated from the
resulting load–displacement curves, using the assumption that the

FIGURE 10 Fracture dynamics of laminated spicules from Monorhaphis
chuni: (A,B) Cracks propagating through a damaged anchor spicule from
M. chuni exhibit a distinct step-mode, clearly illustrating the crack-deflecting
properties of the organic interlayers. (C) In some instances, rather than propa-
gating through the multilayer architecture, cracks can be spatially restricted
to a specific radial depth of the spicule and can travel parallel to its long axis in
a helical fashion (photograph of a fractured spicule illuminated end-on). (A)
adapted from [27], used with permission from AAAS. (B) adapted from [23],
with permission from Wiley.
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samples behave elastically. Thus, the maximum stress on a cylindrical
beam in bending is: r ¼ Mr=I, where r is the radius of the cylinder, I
is the moment of inertia, and M is the bending moment. The largest
bending moment, M, occurs in the middle of the span so that:
M ¼ PL=4, where P is the load and L is the span length. For a cylinder,
the moment of inertia, I, is: I ¼ pr4=4, where r is the cylinder radius.
The stress at fracture, rfb, for a cylinder can be defined as:
rfb ¼ PfL=pr3, where Pf is the load at fracture.

The elastic modulus, E, can also be found from our three-point
bending tests. The maximum deflection, v, occurs at the midpoint
and is: v ¼ PL3=48EI; thus, the modulus can be found using:
E ¼ L3=48IðdP=dvÞ ¼ L3=12pr4ðdP=dvÞ, where the quantity in par-
entheses is the linear slope of the load-displacement curve. Despite
the higher modulus of the synthetic glass rods (Fig. 11C), the yield
strength is 50% higher for the giant anchor spicules, with a corre-
sponding 45% increase in fracture stress, rfb (164MPa for the mono-
lithic glass rod and 237MPa for the giant anchor spicule), and a
ten-fold increase in toughness (calculated from the areas under the
load vs. displacement curves).

FIGURE 11 Fracture dynamics of the giant anchor spicule of Monorhaphis
chuni and a synthetic glass rod of similar diameter and modulus: (A) Photo-
graph illustrating the 5-mm diameter samples used in this study highlighting
their optical transparency (spicule, left; synthetic glass rod, right). (B) Photo-
graphs of the same structures following failure from a three-point bending test
(spicule, upper; synthetic glass rod, lower) and (C) their corresponding load vs.
displacement curves. (D) A higher magnification view of the fractured spicule
showing clear delamination of the silica layers.
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Euplectella aspergillum

In addition to their remarkable mechanical properties, the hexactinel-
lids are also well known for the ability to form extremely complex,
hierarchically ordered, robust skeletal networks from their constitu-
ent spicules [27,28]. One such example is Euplectella aspergillum
(Fig. 12A), a common deep-sea sediment-dwelling hexactinellid from
the Western Pacific [4,5]. As in the case of spicule fusion observed in
A. vastus, the skeletal system of E. aspergillum also consists of a rigid
skeletal lattice, although the design strategies implemented in its
construction are quite different. While the basic structural unit
from which the skeletal framework of A. vastus is constructed, is the

FIGURE 12 Hierarchical organization of the skeletal lattice of Euplectella
aspergillum. (A) Preserved specimens of E. aspergillum clearly illustrating
the cylindrical bodyplan, the external ridge system, the holdfast apparatus,
and the terminal sieve plate. Each of (D) the nonplanar cruciform (stauractine)
spicules consists of a central proteinaceous axial filament surrounded by (B,C)
concentric lamellae of consolidated silica nanoparticles and organic inter-
layers. These are combined into (E) two interpenetrating square lattices
(one shown in blue, one in yellow), which are further reinforced with (F)
bundled spicules organized vertically, horizontally, and diagonally forming
alternating open and closed squares measuring 2.5–3mm in width. (G) The
resulting checkerboard-like configuration is consolidated with a laminated
cement (color-coded cross-section to highlight the laminated architecture)
and (H) covered by an alternating network of external ridges. The two largest
laminated spicules in (G) are the stauractines shown in (D). A photograph of
the specimen after which (H) was modeled is shown in (I). All images adapted
from [28], used with permission from Elsevier.
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hexactine (Fig. 3), the framework of the skeletal lattice of E. aspergillum
is composed of stauractine (non-planar cruciform) spicules (Fig. 12D).
Like the spicules from R. dawsoni, these spicules consist of a central
proteinaceous axial filament surrounded by concentric lamellae of
consolidated silica nanoparticles and organic interlayers forming a
laminated composite (Figs. 12B, C) [27,28].

Two intersecting grids of these non-planar cruciform spicules define
a locally quadrate, globally cylindrical, skeletal lattice that provides
the framework, onto which other skeletal constituents are deposited,
as shown in Fig. 12E [27,28]. The grids are supported by bundles
of spicules that form vertical, horizontal, and diagonally ordered
struts covering the resulting square openings in an alternating
checkerboard-like manner, as depicted in Fig. 12F. Each strut consists
of a wide size range of individual spicules, ranging from 5 to 50 mm in
diameter and of variable length. These struts help stabilize the lattice
and provide additional mechanical support [16], forming a series of
nearly uniform quadrate meshes averaging 2.5–3mm in size. The
incorporation of diagonal bracings as part of this configuration is essen-
tial for supporting the bending, shear, and torsional loads experienced
by the skeletal lattice [29]. The overall cylindrical lattice is capped at its
upper end by a terminal sieve plate and rooted into the sea floor at its
base by a flexible cluster of barbed fibrillar anchor spicules (Fig. 12A)
[30,31]. External diagonally oriented spiral ridges that extend perpen-
dicular to the surface further strengthen the lattice and likely help
prevent ovalization during lateral compression (Figs. 12H, I). A secon-
darily deposited laminated silica matrix (Fig. 12G) that cements the
structure together additionally reinforces the resulting skeletal mass.
At higher magnification, it can be seen clearly that the consolidating
silica cement precisely follows the contours of the underlying spicules,
apparently enhancing the strength of this fiber-reinforced composite,
the structure of which is similar to armored concrete.

It is important to note that the mode of skeletal consolidation
follows the general design principle also exhibited in the dominant
constituent spicules themselves. The significance of this observation
is that, due to its laminated architecture, the cement itself is able to
dissipate a significant amount of energy during loading through crack
deflection at the organic interlayers, while simultaneously distribut-
ing the applied load over the entire network of underlying spicules.

29Si NMR STUDIES

The mechanical properties of hierarchically structured materials such
as sponge spicules are governed by both their molecular architectures
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as well as by the meso- and micro-structural motifs employed by the
different sponge species, apparently selected as adaptations to their
environments. As the spicules are highly siliceous, at a molecular level
their structures are primarily governed by the relative concentrations
of so-called ‘‘Qn’’ silicon species (integer n� 4), which refer to Si atoms
bonded covalently to four bridging oxygen atoms, n of which are
bonded to other Si atoms [32]. For example, Q4 silicon species are cova-
lently bonded to four other Si atoms via oxygen atoms; these corre-
spond to fully condensed moieties, the relative concentration of
which corresponds to the extent of cross-linking of the siliceous
matrix. Similarly, in Q3 silicon species Si atoms are bonded via brid-
ging oxygen atoms to three other Si atoms and, thus, are incompletely
condensed. By determining the relative fractions of the different Qn

silicon species, the molecular structures of spicules associated with dif-
ferent sponge species can be compared and correlated with their differ-
ent bulk mechanical properties.

Solid-state 29Si nuclear magnetic resonance (NMR) spectroscopy is
sensitive to the local bonding environments of 29Si species and can be

FIGURE 13 Room-temperature single-pulse 29Si MAS NMR spectra of
ground spicules from the sponge species indicated. These data reveal that
regardless of the mode of skeletal construction (and the architecture of the
constituent spicules), there are no significant distinguishable differences in
the degree of silica condensation between the spicules of these five species.
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used to quantify the relative concentrations of Qn 29Si species in
spicules from different sponge species [10]. Single-pulse 29Si NMR
spectra acquired under conditions of magic-angle sample spinning
show two broad signals centered at 101 and 111 ppm, respectively,
which correspond to the Q3 and Q4 29Si species (Fig. 13). The absence
of downfield signals (<100 ppm) in the spectra reveal no detectable
quantities of Q0, Q1, or Q2 species, from which it is established that
all of the silica is present in a highly (but incompletely) cross-linked
structure. Furthermore, the broad 29Si lineshapes indicate that broad
distributions of Q3 and Q4 29Si sites are present, consistent with an
amorphous, glass-like structure of the condensed silica networks.
Deconvolution and integration of the quantitative single-pulse 29Si
NMR spectra in Fig. 13 establish similar extents of cross-linking,
Q4=(Q3þQ4)¼ 0.65 for all of the spicules measured. This indicates
that molecular structures of the 29Si matrices are similar for all of
the species investigated, suggesting that observed differences in
sponge spicule mechanical properties may be attributed to differences
in macroscopic (e.g., laminated vs. non-laminated) architectures and
not from significant variability in the degree of silica condensation.

ADDITIONAL OBSERVATIONS

Recent studies investigating early larval development of the hexacti-
nellid Oopsacas minuta reveal that their syncytial architecture is sec-
ondarily derived, arising from the 32-cell stage, after which micromere
fusion results in the formation of a syncytial mass [33]. These results
are significant in that they suggest that the ancestral metazoan group
that gave rise to the Porifera was cellular and not syncytial, thus, rais-
ing intriguing questions as to the selective pressures that may have
favored the evolution of the unique hexactinellid body plan. One pos-
sible answer to this question can be found by exploring the environ-
ment to which the hexactinellids have adapted through the course of
evolution. While virtually all other sponge species occur on solid sub-
strates, the hexactinellids are unique in that they have evolved the
capacity to colonize soft sediments [4,5]. One unifying feature of the
sediment-dwelling hexactinellids is the evolution of a holdfast appara-
tus, which typically consists of basalia (anchor spicules) measuring
tens of centimeters in length (Fig. 7). These long anchor spicules are
essential for soft sediment colonization and hexactinellids lacking
basalia (Fig. 3) are confined to more solid substrates. As discussed
above, only a syncytial body plan (Fig. 14) could facilitate the synthesis
of spicules greater than a few millimeters in length. Consequently, it is
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reasonable to suggest that the syncytial architecture evolved in this
group of early sponges in habitats of reduced solid substrate availabil-
ity, which characterizes the predominantly deep-sea habitats in which
the majority of hexactinellids now survive [4,5].

SUMMARY

As we have seen from these studies, the siliceous skeletal systems of
sponges are well suited to meet the structural needs of each species.
The following summarizes the general design strategies observed in
the siliceous skeletal elements of the Porifera, as discussed in this
report:

1) Spicules greater than a few millimeters in length exhibit
unique laminated architectures, which effectively retard crack
propagation.

2) The number of laminate layers increases with spicule length and
typically decreases in thickness radially outward from the core.

3) The mode of spicule consolidation, when present, follows the gen-
eral design schemes present in the dominant constituent spicules;
laminated spicules use a laminated cement, nonlaminated spicules
use a nonlaminated cement.

4) Large spicules confronting unidirectional bending regimes exhibit
a unique vectorially graded architecture for enhanced fracture
resistance.

FIGURE 14 Illustration of the hexactinellid syncytial architecture and their
associated spicules (adapted from [5]).
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Additional research into the structure-function relationships of
these materials is expected to provide important new understanding
and inspiration for the fabrication of a new generation of complex,
robust, hierarchically ordered, fracture-resistant three-dimensional
composites.
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