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Skeleton of Euplectella sp.:
Structural Hierarchy from the
Nanoscale to the Macroscale

Joanna Aizenberg,1* James C. Weaver,2 Monica S. Thanawala,1

Vikram C. Sundar,1 Daniel E. Morse,2 Peter Fratzl3

Structural materials in nature exhibit remarkable designs with building blocks,
often hierarchically arranged from the nanometer to the macroscopic length
scales. We report on the structural properties of biosilica observed in the
hexactinellid sponge Euplectella sp. Consolidated, nanometer-scaled silica
spheres are arranged in well-defined microscopic concentric rings glued to-
gether by organic matrix to form laminated spicules. The assembly of these
spicules into bundles, effected by the laminated silica-based cement, results
in the formation of a macroscopic cylindrical square-lattice cagelike structure
reinforced by diagonal ridges. The ensuing design overcomes the brittleness of
its constituent material, glass, and shows outstanding mechanical rigidity and
stability. The mechanical benefits of each of seven identified hierarchical
levels and their comparison with common mechanical engineering strategies
are discussed.

Nature fascinates scientists and engineers

with numerous examples of exceptionally

strong building materials. These materials

often show complex hierarchical organiza-

tion from the nanometer to the macroscopic

scale (1–7). Every structural level contrib-

utes to the mechanical stability and tough-

ness of the resulting design. For instance, the

subtle interplay between the lattice structure,

fibril structure, and cellulose is responsible

for the remarkable properties of wood. In par-

ticular, it consists of parallel hollow tubes, the

wood cells, which are reinforced by nanometer-

thick cellulose fibrils wound helically around

the cell to adjust the material as needed (8).

Deformation occurs by shearing of a matrix

rich in hemicelluloses and lignin, Bgluing[
neighboring fibrils, and allowing a stick-slip

movement of the fibrils (9). Wood is an ex-

ample that shows the wide range of mechan-

ical performance achievable by constructing

with fibers. Bone is another example of a

hierarchically assembled fibrous material. Its

strength critically depends on the interplay

between different structural levels—from the

molecular/nanoscale interaction between crys-

tallites of calcium phosphate and an organic

framework, through the micrometer-scale as-

sembly of collagen fibrils, to the millimeter-

level organization of lamellar bone (4, 10–12).

Whereas wood is fully organic material, bone

is a composite, with about half organic and

half mineral components tightly intercon-

nected at the nanoscale. However, nature has

also evolved almost pure mineral structures,

which—despite the inherent brittleness of

most minerals—are tough enough to serve as

protection for the organism. In mollusk nacre,

for example, the toughening effect is due to

well-defined nanolayers of organics at the

interfaces between microtablets of calcium

carbonate (5, 6). In such structures, the stiff

components (usually mineral) absorb the bulk

of the externally applied loads. The organic

layers, in turn, provide toughness, prevent the

spread of the cracks into the interior of the

structure, and even confer a remarkable ca-

pacity for recovery after deformation (13).

Glass is widely used as a building mate-

rial in the biological world, despite its fra-

gility (14–20). Organisms have evolved means

to effectively reinforce this inherently brittle

material. It has been shown that spicules in

siliceous sponges exhibit exceptional flexibil-

ity and toughness compared with brittle

synthetic glass rods of similar length scales

(15, 20). The mechanical protection of diatom

cells was suggested to arise from the increased

strength of their silica frustules (16). We have

recently described the structural and optical

properties of individual spicules of the glass

sponge Euplectella sp., a deep-sea, sediment-

dwelling sponge from the Western Pacific

(21, 22). Not only do these spicules have op-

tical properties similar to manufactured optical

fibers, but they are also structurally resistant.

The individual spicules are, however, just one

structural level in a highly sophisticated, nearly

purely mineral skeleton of this siliceous sponge

(23). Here, we discuss the structural hierarchy

of the entire skeleton of Euplectella sp. from

the nanoscale to the macroscale. We show that

the assembly of a macroscopic, mechanically

resistant cylindrical glass cage is possible in a

modular, bottom-up fashion comprising at least

seven hierarchical levels, all contributing to

mechanical performance. These include silica

nanospheres that are arranged into concentric

layers separated from one another by alter-

nating organic layers to yield lamellar fibers.

The fibers are in turn bundled and organized

within a silica matrix to produce flexurally

rigid composite beams at the micron scale. The

macroscopic arrangement of these beams in a

rectangular lattice with ancillary crossbeams is

ideal for resisting tensile and shearing stresses.

Finally, we identify various structural motifs

that provide additional structural benefits to this

unique glass skeletal system.

Figure 1A is a photograph of the entire

skeleton of Euplectella sp., showing the in-

tricate, cylindrical cagelike structure (20 to 25

cm long, 2 to 4 cm in diameter) with lateral

(Boscular[) openings (1 to 3 mm in diameter).

The diameter of the cylinder and the size of the

oscular openings gradually increase from the

bottom to the top of the structure. The basal

segment of Euplectella sp. is anchored into the

soft sediments of the sea floor and is loosely

connected to the rigid cage structure, which is

1Bell Laboratories/Lucent Technologies, Murray Hill,
NJ 07974, USA. 2Institute for Collaborative Biotech-
nologies and Materials Research Laboratory, Universi-
ty of California, Santa Barbara, CA 93106, USA. 3Max
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exposed to ocean currents and supports the

living portion of the sponge responsible for

filtering and metabolite trapping (23, 24). The

characteristic sizes and construction mech-

anisms of the Euplectella sp. skeletal sys-

tem are expected to be fine-tuned for these

functions.

At the macroscale, the cylindrical structure

is reinforced by external ridges that extend

perpendicular to the surface of the cylinder

and spiral the cage at an angle of 45- (shown

by arrows in Fig. 1B). The pitch of the ex-

ternal ridges decreases from the basal to the

top portion of the cage. The surface of the

cylinder consists of a regular square lattice

composed of a series of cemented vertical and

horizontal struts (Fig. 1B), each consisting of

bundled spicules aligned parallel to one

another (Fig. 1C), with diagonal elements

positioned in every second square cell (Fig.

1B). Cross-sectional analyses of these beams

at the micron scale reveal that they are

composed of collections of silica spicules (5

to 50 mm in diameter) embedded in a layered

silica matrix (Fig. 1, D to F). The higher

solubility of the cement when treated with

hydrofluoric acid (HF) (25), compared with

the underlying spicules, suggests that the

cement is composed of more hydrated silica

(Fig. 1, D and E). The constituent spicules

have a concentric lamellar structure, with the

layer thickness decreasing from È1.5 mm at

the center of the spicule to È0.2 mm at the

spicule periphery (Fig. 1G). These layers are

arranged in a cylindrical fashion around a

central proteinaceous filament and are sep-

arated from one another by organic inter-

layers (Fig. 1H). Etching of spicule layers

and the surrounding cement showed that at

the nanoscale the fundamental construction

unit consists of consolidated hydrated silica

nanoparticles (50 to 200 nm in diameter)

(Fig. 1I) (17–19, 22). The different levels of

structural complexity are schematically shown

in Fig. 2. In the following discussion, each

hierarchical level is examined from the me-

chanical perspective.

The first level is biologically produced

glass composed of consolidated silica nano-

spheres formed around a protein filament (Fig.

2A). Glass as a building material suffers

primarily from its brittleness. This means that

its strength is limited mostly by surface

defects where the applied stresses concentrate.

A scratch in the surface of glass readily in-

duces fracture. If we consider that surface

defects in the biosilica may be induced by

external point loads, either biologically or

otherwise applied, a scratched plain glass

spicule would lose most of its strength and

would fracture when subsequently loaded in

tension or bending. This can be expressed

quantitatively by the well-known Griffith law,

which relates the strength s
f

to the size of the

largest defect, h, for h Q h*, as

sf 0
K1Cffiffiffiffiffi

ph
p , sth

f

ffiffiffiffiffi
h�

h

r
ðEq: 1Þ

where K1C is the fracture toughness of the

glass, sth
f is the theoretical strength of the

defect-free material, and h* is a characteristic

length (for typical ceramic materials, this

length is on the order of 10 to 30 nm) (26).

For defects smaller than h*, there is no stress

concentration at the defect, and the strength of

the material is equal to its defect-free value

(26). Because the mineral particles in bone,

for example, are thinner than this value, these

particles should be insensitive to defects and

therefore flaw tolerant. This argument does

not apply, however, to biologically produced

glass, because individual silica nanospheres

range from 50 nm to 200 nm in diameter and

thus are larger than h*.

The intrinsically low strength of the glass

is balanced at the next structural level. The

spicule as a whole can be regarded as a lam-

inated composite (27) in which the organic

interlayers act as crack stoppers (Fig. 2B). If

a point load is applied to the surface, one

may expect that the damage will be restricted

to the outermost layers (28). A larger number

of individual glass layers should protect the

spicule more effectively from this type of

damage. Thin organic interlayers seem also

to be important to prevent cracks from prop-

agating to inner layers under the influence of

indentation (28). The observed decrease of the

silica layer thickness from the spicule core to

the periphery is likely to provide an additional

reinforcement to the spicules. Thicker inner

layers help enhance mechanical rigidity of the

Fig. 1. Structural analysis of the mineralized skeletal system of Euplectella
sp. (A) Photograph of the entire skeleton, showing cylindrical glass cage.
Scale bar, 1 cm. (B) Fragment of the cage structure showing the square-grid
lattice of vertical and horizontal struts with diagonal elements arranged in
a chessboard manner. Orthogonal ridges on the cylinder surface are in-
dicated by arrows. Scale bar, 5 mm. (C) Scanning electron micrograph
(SEM) showing that each strut (enclosed by a bracket) is composed of
bundled multiple spicules (the arrow indicates the long axis of the skeletal
lattice). Scale bar, 100 mm. (D) SEM of a fractured and partially HF-etched
(25) single beam revealing its ceramic fiber-composite structure. Scale

bar, 20 mm. (E) SEM of the HF-etched (25) junction area showing that the
lattice is cemented with laminated silica layers. Scale bar, 25 mm. (F)
Contrast-enhanced SEM image of a cross section through one of the
spicular struts, revealing that they are composed of a wide range of
different-sized spicules surrounded by a laminated silica matrix. Scale bar,
10 mm. (G) SEM of a cross section through a typical spicule in a strut,
showing its characteristic laminated architecture. Scale bar, 5 mm. (H) SEM
of a fractured spicule, revealing an organic interlayer. Scale bar, 1 mm. (I)
Bleaching of biosilica surface revealing its consolidated nanoparticulate
nature (25). Scale bar, 500 nm.
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spicule, whereas the thinner outer layers ef-

fectively limit the depth of crack penetration.

The crack deviation by organic interlayers

in laminated spicules can be clearly seen in

Fig. 3.

In a further level of hierarchy, spicules

are joined into parallel bundles (Fig. 2C), a

well-known construction principle in ceram-

ic materials (29). Generally, a bundle of fi-

bers with slightly different strength will have a

much larger defect tolerance (and, therefore,

strength) than each of the individual fibers.

Indeed, if one fiber fails (e.g., under tension),

neighboring ones still hold, and the crack in

the first fiber will be deflected at the interface

to its neighbors (or at the interface between

the fiber and cement). A weak lateral bonding

between fibers (or between fiber and matrix)

is essential for this toughening mechanism to

work (30).

The bundled spicules are arranged hor-

izontally and vertically into a square-grid

cylindrical cage reinforced by ancillary diag-

onal fibers running in both directions (Fig.

2D). Theoretical analyses of strut structures

have shown that when the number of struts

per node, Z, exceeds a certain value, the struc-

ture is stable even if the nodes can rotate

freely. Deshpande et al. (31) have given the

stability limit as

Z Q 6 ðD j 1Þ ðEq: 2Þ

for grids in D 0 2 or in D 0 3 dimensions. A

simple square grid made of fibers (with D 0
2 and Z 0 4) is clearly unstable with respect

to shear when the nodes can rotate freely. In

cases where a free rotation of the nodes is

not possible, the shear stability of the simple

square grid is limited by the bending mo-

ments, which the nodes and struts can with-

stand. However, cellular structures are usually

much stronger when the struts are loaded in

tension rather than in bending (32). Hence,

structures fulfilling inequality (Eq. 2), where

any type of loading will result in tension and

compression of the fibers only, are likely to

be stronger. In the Euplectella skeletal

system, three main spicular struts (horizontal,

vertical, and one of the two possible diago-

nals) are joined in every node of the square

grid, which means that Z 0 6. This is just

sufficient to fulfill Eq. 2 for a two-dimensional

grid. Most remarkably, every second square in

the skeletal lattice is left without a diagonal

fiber. By adding the crossbeams in these

empty squares, the number Z would jump to

8, which would be an overdesign in terms of

Eq. 2, with no apparent structural advantages

for the prevention of shear stresses.

Hierarchical levels shown in Fig. 2, A to

D, describe the structure of the Euplectella

skeletal system at its early stages of devel-

opment Ethe Bflexible phase[ (24)^. During

maturation, the flexible cage is rigidified into

a Bstiff sponge[ (24) as a result of the use of

two additional levels of structural hierarchy.

All the fibers become joined at the nodes of

the square grid with silica cement that

effectively coats the entire skeletal lattice

(Fig. 2E) and thus forms the matrix of a

ceramic fiber composite. The only exception

is the region where basalia (anchor spicules)

emerge from the base of the composite

structure. It is also noteworthy that the

cement itself exhibits a laminated architec-

ture (Fig. 1, D to F) that hinders crack

propagation through this silica matrix.

The resultant rigid structure ensures that

the sheet forming the cylinder is very stable

in two dimensions with a number of mea-

sures to reduce the intrinsic brittleness of

glass. Finally, the cylindrical cage must also

be stable in three dimensions, and the main

limitation is the ovalization of the cylinder,

which reduces the bending stability of the

tubelike cage. In this sense, it is very likely

that the helical ridges around the skeleton of

Euplectella sp. (Fig. 2F), in conjunction with

the consolidating silica matrix discussed

above, serve primarily a mechanical function

in preventing ovalization of the sponge

skeleton. This argument is further supported

by the fact that the ridges are absent in the

narrow bottom portion of the tube and ap-

Fig. 3. Fracture surfaces in the spicules from
Euplectella sp. (A) SEM of a fractured laminated
spicule. (B) Examination of a polished cross
section of the spicule from a related species
clearly reveals crack deviation by the organic
layers. Scale bars for both micrographs, 10 mm.

F i g . 2 . Proposed
scheme summarizing
the seven levels of struc-
turalhierarchy intheskel-
etal system of Euplectella
sp. (A) Consolidated sil-
ica nanoparticles depos-
ited around a preformed
organic axial filament
(shown on the right).
(B) Lamellar structure
of spicule made of al-
ternating organic and
silica layers. Inset depicts
the organically glued in-
terlayer region. (C)
Bundling of spicules.
(D) (Right) Vertical and
horizontal ordering of
bundled spicules forming
a square-lattice cylindri-
cal cage with every sec-
ond cell reinforced by
diagonal elements (see
Eq. 2). (Left) The node
structure. (E) Cementation of nodes and spicules in the skeletal lattice with layered silica matrix. (Inset) Fiber-reinforced composite of an individual beam in the
strut. (F) Surface ridges protect against ovalization of the skeleton tube. (G) Flexural anchoring of the rigid cage into the soft sediments of the sea floor.
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pear in the middle region where the sponge

diameter increases beyond a specific point.

To ensure the stability of the tube with the

vertically growing diameter, there is a distinct

increase of the surface density and thickness

of the external ridges in the upper regions of

the skeletal system (Fig. 1A) (23, 24).

Exposed to currents, the elevated rigid

sponge cage attached to the ocean floor will

experience bending stresses that are concen-

trated at the anchor point. Two mechanical

strategies may counteract the stress concen-

tration: to stiffen the anchor point, which

will withstand bending forces up to a certain

limit and then break, or to make the anchor

very flexible. The sponge uses the latter

strategy by loosely incorporating the basalia

(anchor) spicules into the vertical struts of the

rigid cage (Fig. 2G). The advantage of this

strategy is that there is no limiting stress from

currents, and the cage swings freely in the

ocean because of the inherent flexibility of the

individual spicules that form the connection.

The structural complexity of the glass

skeleton in the sponge Euplectella sp. is an

example of nature_s ability to improve in-

herently poor building materials. The excep-

tional mechanical stability of the skeleton

arises from the successive hierarchical assem-

bly of the constituent glass from the nano-

meter to the macroscopic scale. The resultant

structure might be regarded as a textbook

example in mechanical engineering, because

the seven hierarchical levels in the sponge skel-

eton represent major fundamental construction

strategies such as laminated structures, fiber-

reinforced composites, bundled beams, and

diagonally reinforced square-grid cells, to

name a few (33). We conclude that the

Euplectella sp. skeletal system is designed to

provide structural stability at minimum cost, a

common theme in biological systems where

critical resources are often limited. We believe

that the study of the structural complexity of

unique biological materials and the underlying

mechanisms of their synthesis will help us

understand how organisms evolved their so-

phisticated structures for survival and adapta-

tion and ultimately will offer new materials

concepts and design solutions.
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Isolation of Two Seven-Membered
Ring C58 Fullerene Derivatives:

C58F17CF3 and C58F18

Pavel A. Troshin,1 Anthony G. Avent,2 Adam D. Darwish,2

Natalia Martsinovich,2 Ala’a K. Abdul-Sada,2 Joan M. Street,3

Roger Taylor2*

Fluorination of C60 at 550-C leads to milligram quantities of two stable
fullerene derivatives with 58-carbon cage structures: C58F18 and C58F17CF3. The
compounds were characterized by mass spectrometry and fluorine nuclear
magnetic resonance spectroscopy, and the data support a heptagonal ring in
the framework. The resulting strain, which has hindered past attempts to pre-
pare these smaller quasi-fullerenes, is mitigated here by hybridization change of
some of the carbons in the pentagons from sp2 to sp3 because of fluorine
addition. The loss of carbon from C60 is believed to occur via sequential fluorine
addition to a C–C single bond and an adjacent C0C bond, followed by loss of a
:CF2 carbene.

Numerous papers describe the structure and

properties of fullerenes larger than C
60

and

C
70

and their derivatives (1). The stability of

these compounds has been explained by the

low strain inherent in a framework of pen-

tagonal carbon rings surrounded by hexagons.

By contrast, smaller fullerenes violate this non-

adjacent pentagon rule and accordingly have

been hard to prepare. Examples comprise the

recent isolation of C
50

Cl
10

(2) and a contro-

versial report of C
36

(3, 4).

The possibility of fullerenes having seven-

as well as five- and six-membered rings (quasi-

fullerenes) was first proposed in 1992 (5). The

structure of C
58

requires a seven-membered

ring produced by removal from C
60

of a 6:5

bond, that is, one shared by a pentagon and a

hexagon (6, 7). The resultant C
58

structure

violates the strain-based nonadjacent pentagon

rule (8), but a C
58

derivative will be less

strained because of the presence of sp3

carbons and isolation ought to be feasible

(6). Both phenylated and methylated C
58

fragment ions have been observed in electron

impact (EI) mass spectrometry of correspond-

ing C
60

precursors, together with C
58

/C
60

ion

intensity ratios of up to 76% (9–13). A C
58
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