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is a nuisance, what is a brilliant model of efficiency and elegance
all float to shore at once. Guillet's inspiration is the Cheshire cat that 
I can't catch, part of the ineluctable genius that surrounds us. 

"I know exactly what this is," I tell him. 
"Incredible, isn't it?" he says, and we smile at one another as 

he pours a small mountain of it into my waiting hands. 
Artificial duckweed. Patent number 84. 
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Though environmental policy makers have focused on the growing 
glut of garbage and pollution, most of the environmental damage is 
done before materials ever reach the consumer. Just four primary ma
terials industries-paper, plastics, chemicals, and metals-account for 
71 percent of the toxic emissions from manufacturing in the United 
States, according to the researchers. Five materials- paper, steel, alu
minum, plastics, and container glass-account for 31 percent of U.S. 
manufacturing energy use. 

-JOl-iN E. YOUNG and AARON SACHS, authors of The Next 
Efficiency Revolution: Creating a Sustainable 
Materials Economy 

We are on the brinh of a materials revolution that will be on a par 
with the Iron Age and the Industrial Revolution. vVe are leaping for
ward into a new era of materials. Within the next centwy, I think 
biomimetics will significantly alter the way in which we live. 

-MEHMET SARIKA YA, materials science and engineering professor, 
University of Washington 

"That's why babies ' heads are soft," said the man riding down the 
escalator as I was heading up. "They haven't completely mineralized 
yet." Babies' heads? I ran up my escalator and joined him on the 
down ride. He was going where I was going. 

The Materials Research Society (MRS) meeting is held every 
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year in downtown Boston, filling three of the major hotels to capac
ity. Everywhere you look there are scientists-3,500 strong-carry
ing their two-inch-thick book of seminar abstracts in materials 
science, a field most of us have never even heard of. Strange, because 
materials science literally touches everything we touch; every object 
we walk on, ride in, pick up, put on, or pour from is made of a 
material or several different materials. Yet the people who worry 
about shatter resistance, tensile strength, and surface chemistry-the 
ceramists and glass engineers, the metallurgists and polymer scien
tists-are soundly unsung. I don't know any kids who want to be 
materials scientists when they grow up. 

Maybe the field is just too new. Materials used to be manufac
tured solely by nature, and we took what we were given-wood, 
hide, silk, wool, bone, and stone. Eventually people learned to fire 
slurried sand into pots and hammer iron from the Earth. Throughout 
history, our progress as a people has been date-stamped by the types 
of materials we used-the Stone Age, the Bronze Age, the Iron Age, 
the Plastic Age, and now, some would say, the Age of Silicon. With 
each epoch of civilization, we seem to have distanced ourselves fur
ther from life-derived materials and from the lessons they teach us. 

In the vivid glow from the slide shows featured at Symposium 
S (the bio-inspired-materials segment of the meeting), I began to see 
that nature has at least four tricks of the trade when it comes to 
manufacturing materials: 

1. Life-friendly manufacturing processes 
2. An ordered hierarchy of structures 
3. Self-assembly 
4. Templating of crystals with proteins 

Each of the tricks was new to me, and probably new to many of the 
other conference attendees who kept stopping by out of curiosity. 
What sets the biomimics apart from their peers is that nature's canon 
has become their own. If the biomimics had their way, these lessons 
would be the backbone of every materials engineer's education. For 
the purposes of this chapter, we'll take the short course. 
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HEAT, BEAT, AND TREAT 

In the hive of the MRS meeting, forty mini-meetings called symposia 
are held concurrently. In each one, new findings are introduced in 
papers given every fifteen minutes, all week long. Most of the talks 
focus on the new alchemy: the synthesis of new alloys, new ceramics, 
new plastics made possible by impossibly high temperatures, high 
pressures, and strong chemical treatments. "Heat, beat, and treat" 
has become the de facto slogan of our industrial age; it is the way 
we synthesize just about everything. 

Nature, on the other hand, cannot afford to follow this strategy. 
Life can't put its factory on the edge of town; it has to live where it 
works. As a result, nature's first trick of the trade is that nature man
ufactures its materials under life-friendly conditions-in water, at room 
temperature, without harsh chemicals or high pressures. 

Despite what we would call "limits," nature manages to craft 
materials of a complexity and a functionality that we can only envy. 
The inner shell of a sea creature called an abalone is twice as tough 
as our high-tech ceramics. Spider silk, ounce for ounce, is five times 
stronger than steel. Mussel adhesive works underwater and sticks to 
anything, even without a primer. Rhino horn manages to repair itself, 
though it contains no living cells. Bone, wood, skin, tusks, antlers, 
and heart muscle-miracle materials all-are made to live out their 
useful life and then to fade back, to be reabsorbed by another kind 
of life through the grand cycle of death and renewal. 

It was fun to watch the milling scientists from other disciplines 
stick their heads into the doorway of Symposium S. While most 
rooms at a meeting like this are resplendent with the talk of un
earthly synthetics, Symposium S featured slides of coral reefs and 
tall trees, spruce bogs and spiderwebs brushed with dew. The latest 
high-tech materials here weren't experimental designs-they were 
ancient, biological inventions, tested and proven over millions of 
years on Earth. The same Earth on which we and our materials are 
trying to survive. 

The people in Symposium S have little allegiance to the heat, 
beat, and treat mantra. They see the handwriting writ large-the 
dwindling oil reserves, the toxic nightmares of our own making, the 
high failure rates (breaking, cracking, stretching out of shape) of 
many of our materials. Despite our colossal energy expenditures, we 
still can't make materials as finely crafted, as durable, or as environ
mentally sensible as those of nature. The rhinos, mussels, and spiders 
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in the slides all seemed to be wearing Mona Lisa smiles. Somehow, 
out of the world's most common chemicals, like carbon calcium 

I I 

water, and phosphate, they fashion the world's most complex ma-
terials. As any biomimic in the room could tell you, the S in Sym
posium S stands for surprise. 

THE HARD STUFF FIRST 

The papers presented that week split along two lines, the mostly 
inorganic (the hard) and the mostly organic (the soft). Nature's in
organic materials are tough, used for skeletal structure or protective 
armor, the shells and bones and spines and teeth of the natural world. 
They are crystallized versions of Earth-derived materials-chalk and 
phosphates, manganese and silica, even some iron thrown in for 
"bite." Since organisms don't produce these inorganic minerals in 
their own bodies, they must find a way to tempt and tame the par
ticles of the Earth to settle and crystallize in just the right location. 
If you're a soft-bodied mollusk living in the rock-and-roll of the tidal 
zone, for instance, the best place to have a shell crystallize would be 
right over your head. 

Oyster Envy 

Rich Humbert owns a wetsuit that doesn't quite keep him warm. 
Even with a neoprene mask strapped over his bearded face, he must 
let his eyes show, and by the time he bursts up for air, his robber's 
mask of exposed skin is a painful shade of purple. All of which makes 
diving for abalones in Washington's San Juan Islands a lonely voca
tion. 

"Most people prefer to encounter their abalones in souvenir 
shops," he tells me. "But I like to get in with them, see where they 
live." He pantomimes the hunt for me. "You reach down for them 
through the murky tidal wash, feeling with your hands. The outer 
shell is drab and scabby with barnacles. It's hard to believe that inside 
there's this smooth, luminous, mother-of-pearl lining. The idea is to 
grab them as soon as you touch them, before they can suction them
selves to the rock." 

A tickled abalone can be wickedly fast. So powerful is its foot 
suction that if you miss the magic moment, you have to pry it from 
the rock with a tire iron. For abalone aficionados like Humbert a 
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pry job is the sign of a hacker, and he would rather turn completely 
purple than resort to one. 

Most people who hunt abalone eat the meat and sell the shell, 
but Humbert dives and plucks for what he can learn. He's part of 
the University of Washington's team investigating abalone nacre, the 
smooth inner coating that is delicately swirled with color and, best 
of all if you're a ceramist, hard as nails. "Ever try jumping on an 
abalone shell?" asks Humbert. "A car could drive over these guys 
and not faze them." Back at the lab, he has to fire up industrial 
machinery to break the outer shell and nacre into pieces. One shell
a beautiful eight-inch platter-will be enough to last through a year 
of research. 

To the naked eye, the piece of nacre that Humbert hands me 
looks smooth and featureless. Then he shows me an electron
microscope picture of the same piece in cross section. Standing out 
in bold, black-and-white relief is the intricate crystal architecture 
that accounts for the shell's ability to shrug off stress. Looking in 
from the side, you see hexagonal disks of calcium carbonate (chalk) 
stacked in a brick-wall motif. 

If you look closely between the bricks, you can see a narrow 
mortar of squishy polymer. The polymer acts like a thin smear of 
chewing gum-it stretches ligamentlike when the disks are pulled 
apart and it slides and oozes in response to head-on stress. If a crack 
does get started, the brick-wall pattern forces the crack to follow a 
tortuous path, stopping it in its tracks. As a result, "Abalone is twice 
as tough as any ceramic we know of-instead of breaking like a man
made ceramic, the shell deforms under stress and behaves like a 
metal," says Mehmet Sarikaya, whose name appears in the credit 
line for many beautiful electron-microscope pictures of abalone. 

Portraits of the nacre taken from above show a further com
plexity. On any one level of the brick wall, the hexagonal disks are 
twinned: Their shapes and placement echo one another, as if a mirror 
is between them. Individual disks are composed of twinned "do
mains" that also mirror one another. Even the grains within each 
domain are twinned, showing the mathematical repetition and 
beauty that characterize natural form. 

Closer to home, a soft material in our own bodies has become 
the poster tissue for this concept of repetition at many scales. The 
"unraveled tendon" drawing (which got a lot of screen time at the 
meeting) shows a hierarchy that is almost unbelievable in its multi
leveled precision. The tendon in your forearm is a twisted bundle of 
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cables, like the cables used in a suspension bridge. Each individual 
cable is itself a twisted bundle of thinner cables. Each of these thin
ner cables is itself a twisted bundle of molecules, which are, of 
course, twisted, helical bundles of atoms. Again and again a mathe
matical beauty unfolds, a self-referential, fractal kaleidoscope of en
gineering brilliance. 

In the human tendon, in the abalone shell, in the stacked ply
woodlike layers of the rat's tooth-over and over again at the meet
ing, this issue of "structure granting function" came to the fore . The 
multileveled complexity of these materials is referred to as an ordered 
hierarchical structure, which seems to be nature's second trick of the 
trade. From the atomic level all the way to the macroscopic, preci
sion is built in, and strength and flexibility follow . 

But how does nature manage to create that microstructure? And 
how can we do the same? Answering those questions is at the very 
heart of what biomimics are trying to do. ''We want to do more than 
just copy down the angles and the architectures of nature's designs 
or build our materials in their image," says ceramist Paul Calvert 
from the University of Arizona Materials Laboratory in Tucson. 
"What we really want to do is imitate the manufacturing process, 
that is, how organisms manage to grow, for instance, perfect crystals 
and form them into structures that work." 

All of the materials scientists I talked to agreed with Calvert's 
assessment. They were itching to grow lattices with dress-parade per
fection, to control crystal size, shape, orientation, and location, es
pecially in the world of ceramics. 

The ceramics we're most familiar with are glass, porcelain, con
crete, mortar, bricks, and plaster, but as Paul Calvert says, "Ceramics 
have gone far beyond toilet fixtures and cereal bowls." They are now 
being used in all kinds of high-tech applications-as insulators, 
guides, bearings, wear- and temperature-resistant coatings, and in 
devices that need certain optical, electrical, and even chemical char
acteristics, such as sensitivity to gases or the ability to accelerate a 
chemical reaction. For all we are asking ceramics to do, it's ironic 
that we're still using Stone Age techniques to manufacture them. 
Basically, we take earthy inorganic particles and subject them to heat 
or pressure in order to squeeze them together into a substance that 
is hard. Says Calvert: "Our biggest problem is cracking-brittleness. 
In recent years, we've been making incremental progress by making 
our grains finer and finer. We finally have them down to the nano
meter size, but we're still plagued by brittleness." 
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A few years ago, Calvert thought it was time to energize imag
inations, so he and other biomimics began to look at natural designs. 
They uncovered plenty of examples of biological organisms that, like 
the abalone, sport hard body parts made from a mixture of inorganic 
minerals and organic polymers. Your bones are crystals of calcium 
phosphate deposited in a polymer matrix, for instance. Diatoms
those microscopic sea creatures that look like living snowflakes
have skeletons made of silica glass shaped by the organic membranes 
of their bodies. Teeth are inorganic crystals, as are sea-urchin spines 
and snail shells. The ultrahard crystals in a lamprey's "teeth" are 
what allow it to rasp through rock. Nature is even able to utilize 
some magnetic material in its mineralizing process. For instance, a 
bacterium that was discovered in the late seventies grows crystals of 
iron oxide-magnetite-in tiny vesicles (balloons) inside its body. 
These magnetite-filled vesicles line up like beads in a key chain, and 
together they help the bacteria orient down toward the magnetic 
center of the Earth, which is also toward the anaerobic zone where 
they find their food. 

In all these cases, nature 's crystals are finer, more densely 
packed, more intricately structured and better suited to their tasks 
than our ceramics and metals are suited to ours. The biomimics de
cided it was time to find out why. 

Pearls of Wisdom 
To understand how organisms manage this trick, it helps to under
stand the softer side of the composite mix. For this we have to go 
to the molecular level-a level smaller than Sarikaya's electron mi
croscope can reveal. "That thin smear of polymer is more than just 
mortar sticking the bricks together," says Rich Humbert. "It's made 
of polysaccharides (sugars, essentially) and proteins, and they're the 
ones actually running the show." In fact, when an abalone "decides" 
to build nacre, the polymer mortar is erected first, and then the 
bricks. 

This counterintuitive ordering occurs in a similar way in many 
biomineralizing organisms. First the organism's cells secrete proteins, 
polysaccharides, or lipids (depending on the species) into the fluid 
surrounding them. These "framework" polymers self-assemble into 
three-dimensional compartments (cubes, rectangles, spheres, or 
tubes) defining the space that is to be mineralized. "You can think 
of the framework polymers as the walls and ceilings and floors of a 
room that will eventually be infilled with mineral crystals," says 
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Humbert. In the case of the abalone, the organism builds not just 
one room but an entire apartment building, laying down one story 
of rooms after another, each slightly offset from the one below to 
accomplish the interlocking brick-wall motif. 

Inside each room is seawater saturated with calcium ions and 
carbonate ions-charged particles that will eventually land and ag
gregate into a crystal of calcium carbonate (chalk). Because the ions 
are charged, they don't just randomly precipitate out of solution
they are attracted to oppositely charged chemical groups protruding 
from the walls of the rooms. Once that first layer of ions settles out, 
it sets the tone for the rest of the crystal. Like the bits of dust in the 
supercooled beaker of your high school chemistry lab, the first ions 
will act as seed kernels or nucleators, and the rest of the ions will 
settle around them, growing a crystal of a particular shape. Since the 
crystal's strength and function depend on shape, the ions' landing 
locations turn out to be key. 

The mollusk, evolutionarily eager to build a shell of herculean 
strength, found an ingenious way to get those ions to settle into a 
particularly strong shape. Here's how it works: After the framework 
of rooms is assembled, the mollusk releases templating proteins into 
the inner rooms. These proteins self-assemble into a "wallpaper" 
that peppers the room with an orderly array of negatively charged 
landing sites. If we were the size of atoms, we could walk among 
the chemical groups and feel their electrostatic pull, beckoning to 
positively charged ions in the seawater, such as calcium. 

To visualize the proteins in this special wallpaper, a quick bi
ology lesson is in order. Proteins (which make up 50 percent of the 
dry weight of every living cell) are large 3-D molecules that begin 
as long necklaces of dozens or even hundreds of chemical groups 
called amino acids. Each amino acid has a different constellation of 
charges, and when the chain is released into the fluid of the cell, 
those charges cause the protein to fold up in a very particular way. 

The folding pattern has a lot to do with how the amino acids take 
to water. Neutral, water-fearing amino acids will burrow into the cen
ter of the protein complex, while the charged, water-loving ones will 
take to the periphery. The amino acids also interact with one another
some repelling their neighbors and straining to get away, others meet
ing in a bond. What results is a three-dimensional shape, a form 
uniquely suited to its function. A protein may have a structural role in 
the body, assembling into tissues and skeletons, or it may have a 
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"trade." Hemoglobin, insulin, neuron receptors, antibodies, and en
zymes (which orchestrate and speed up chemical reactions) are all 
proteins, plying a particular trade based on their shape. 

In the case of the templating proteins of abalone, the protein 
chain folds into a zigzag shape which bonds side by side with other 
zigzagging proteins to form an accordion-pleated sheet (the wallpa
per). There are two "faces" to this sheet-some groups of amino 
acids stick out into the room, while others are embedded in the 
walls, floor, and ceiling like anchors. Daniel Morse, director of the 
Marine Biotechnology Center at the University of California in Santa 
Barbara, has determined that the groups that anchor in the walls are 
neutral (principally glycine and alanine) and those that stick out into 
the room are negatively charged (principally aspartate). 

The landing sites on the pleats are not random, either. Because 
each zigzag protein is itself precisely formed (templated by DNA), 
its amino acids are studded along its surface predictably. Every few 
nanometers, they sit ready to snag oppositely charged ions floating 
by in solution. 

How the ions are arrayed in that first layer says everything about 
how the crystal will look and function . One pattern may yield rhom
bohedral crystals like those in nacre; another will yield prismatic 
crystals like those in the abalone's hard outer shell. Different shapes 
and orientations and sizes determine whether the crystal will have 
optical qualities, be able to conduct electricity, or be hard or soft. 
There are fourteen different shapes of crystal that are possible in all 
of nature. 

Now, what if we were able to template for any one of those 
fourteen kinds of crystals by using different protein craftsmen? What 
if we could coat an object with a film of proteins and then dip it in 
seawater and have nacre self-assemble into a hard coat? That's the 
dream, and there's one fact that makes it possible-proteins don't 
need to be in a living cell to do their thing. 

A protein separated from a living cell is still a protein-fully 
charged and able to direct crystallization. In fact, that's what happens 
in the abalone-the proteins are pumped outside the cells into a 
seawater-filled gap between the soft body and the harder outer shell. 
That means, theoretically, that we should be able to fill a beaker 
with proteins and seawater and watch as the proteins self-assemble 
into their rooms and their wallpaper and the ions nucleate and begin 
to grow into crystals. 
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Self-assembly, then, is nature's third trick of the materials trade. 
Whereas we spend a lot of energy building things from the top 
down-taking bulk materials and carving them into shape-nature 
does the opposite. It grows its materials from the ground up, not by 
building but by self-assembling. 

Self-assembly rides the riot of forces ruled by classical and quan
tum physics. Like charges repel like charges, but opposites attract. 
Weak electrostatic bonds hold molecules together gingerly, and as 
conditions change, they can easily correct and adapt. Stronger, more 
permanent bonds are consummated with the help of lock-and-key 
catalysts called enzymes. 

Before any kind of bond can be formed, however, wandering 
molecules must first collide, like guests at a cocktail party. The en
ergy that keeps molecules mingling comes from what scientists call 
Brownian motion, named after Robert Brown, an early-nineteenth
century botanist who asked the world, ''Have you ever noticed that 
pollen grains stay suspended in water all by themselves?" (In those 
days, an observation like that could make you famous.) A generation 
later, Albert Einstein explained that the pollen grains are buoyed by 
the fact that invisible water molecules are continually knocking into 
and moving them. This restless bumper-car action of molecules also 
occurs in air, which is why dust particles look as if they're dancing 
in sunbeams. 

Once molecules collide, those that are shaped peg to hole like 
Lego blocks snap dutifully together. All of this assembly, unlike our 
building of materials, is energetically "downhill." It's order for free. 
Proteins are amenable to this sort of self-assembly because of their 
shapes and their "electric" personalities (how their charges are dis
tributed). These precise qualities are set forth by genes-informa
tional templates that contain the code for making proteins. Once 
gene-templated proteins self-assemble into their accordion sheets, 
they themselves become the templates for making exquisite shells. 
The templated becomes the template. 

Which leads to nature's fourth trick of the trade-the ability to 
customize materials through the use of templates. Whereas we muddle 
by in our industrial chemistry with final products that are a mish
mash of polymer-chain sizes, with most too long or too short to be 
of ideal use, nature makes only what she wants where she wants and 
when she wants. No waste on the cutting-room floor. 

If we want to emulate nature's manufacturing, we have to get 
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backstage and interview the proteins, those teroplaters that make 
precision assembly possible at body temperatures. We have to learn 
their amino add sequences and figure out how to produce them in 
commercial quantities. With the help of these "invisible hands," the 
biomimics hope we may be able to sculpt with geometric precision, 
and do away with "heat, beat, and treat." 

The Great Protein Sequence Hunt 
Mehmet Sarikaya's eyes, the col01' of Turkish coffee, flash a warn
ing to each member of the biomimicry team. "Before we do any
thing, we've got to find the protein sequence." He is literally straining 
with impatience, determined to be part of the first team to find that 
protein-sequencing data. "We are not the only lab working on this," 
he confides to me at a harried luncheon meeting, "but we are the 
only ones on the right track." As he describes it, the race for a test 
tube full of honest-to-god, framework-and-wallpaper proteins is fu
rious, and Sarikaya, elbows flailing, wants to win. r briefly imagine 
him crossing the finish line and renaming the field Biomehmetics. 
Later, when I tell my joke to someone who works for him, they say 
they are sure he has already proposed it. 

Right now, Sarikaya is on the warpath because he feels the team 
is stalled. I am attending a preparatory meeting for an upcoming 
science conference at which team members will present their work. 
Rich Humbert, the abalone diver-scientist, is showing pictures of his 
latest experiments. So far, Humbert has managed to get a random 
mix of abalone proteins to form "artificial pearls' ' against the side of 
a test tube. When the pearls are cut open and magnified, you can 
see protein (stained orange) crowded into circular layers. This lay
ered "jawbreaker" doesn't have the exquisite brick-and-mortar ar
chitecture of real nacre, but at least it implicates protein in a 
supervisory role. This has plunged Humbert deep into speculation 
about how nacre development might have evolved, and he would 
like to write a paper about it. Sarikaya fumes about the time it will 
take. 

He wants Humbert to find the abalone proteins responsible for 
nucleation, so the team can attach them to the surface of an object, 
dip the decorated object in seawater, then watch the nacre crystal
lize. The sooner the better. The military is equally interested in this 
idea of stronger coatings, because it, like the abalone, is often in 
zones of serious insult and injury, where fracture resistance would 
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be a virtue. To that end, the Office of Naval Research has awarded 
a three-year grant to the UW team to investigate abalone shell, a 
study of what they call "layered nanostructures." 

The team at the University of Washington is wonderfully inter
disciplinary, and it is here that I see the future of biomimicry. En
gineers and materials scientists are working alongside microbiologists, 
protein chemists, geneticists, and Renaissance thinkers like Clement 
Furlong. 

If there is a counterpoint to Sarikaya's intensity, it is Clem Fur
long's ease and patience. Furlong is Rich Humbert's supervisor and 
leader of his own department in medical genetics. Deep in the maze 
of a huge building, I find him shoehorned into an office that threatens 
to collapse around and on top of him. Papers are stacked atop filing 
cabinets all the way up to the high ceilings. Tables are heaped with 
journals from half a dozen disciplines, and computers lie about in 
various stages of undress, their circuitry hanging like mattress stuff
ing. Furlong and his students have just built five computers from 
mail-order parts this week, and he is positively gleeful about how 
easily one can assemble a Ferrari of a machine. He finds a piece of 
blank paper (no small task in that office) and writes up a parts list 
for me, with exact prices from memory, as if he were writing a recipe 
for his favorite hors d'oeuvre. For Furlong, I suspect, science is a way 
to get paid for tinkering. 

Somewhere in those stacks-he points to the dusty neighbor
hood near the ceiling panels-there are patent certificates for Fur
long's inventions. He has a hefty vita as well-lots of papers on 
medical genetics-but he seems most proud of the things he has 
made . A new Furlong invention, in fact, may be instrumental in the 
team's quest to mimic abalone shell. 

"Once we sequence the protein," he says, "we'll have to find a 
way to produce lots of it. We can't continue chopping up the shells." 
Besides the risk of overcollecting the species, the grinding is hard on 
the proteins-it either truncates or destroys them. 

An alternative would be to conscript the trusty E. coli bacteria 
(found in the human gut) to make those proteins for us. It wouldn't 
be the first time we harnessed bacteria to help us make products. 
For thousands of years, we have used yeast, bacteria, and molds for 
brewing beer, making wine, leavening bread, and culturing cheese. 
Today, bacteria grown in vats are persuaded to produce food addi
tives, antibiotics, industrial chemicals, vitamins, and more. We have 
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bred the tiny microbes like livestock, customizing them through ar
tificial selection. 

There's a difference, however, between this kind of bioprocess
ing and the modern version, called biotechnology. With biotechnol
ogy, we genetically alter a bacterium's manufacturing processes by 
splicing in a gene from another species. To make insulin, for instance, 
we take the human gene for insulin manufacture and splice it into 
E. coli. By cutting and splicing, genetic engineers assure me, they are 
simply imitating a technology that bacteria themselves have long 
practiced. Genes from one species of bacteria are freely transferred 
to completely different species of bacteria. That's how the global 
microcosm has been able to adapt so quickly to cataclysmic change. 
But human genes to bacteria? Abalone genes to bacteria? 

No matter how many times I hear scientific assurances of safety, 
I can't shake the feeling that it is the height of hubris for us to cross 
that interphylum line, to take a gene from one class of animal and 
insert it into another. I tell them I would be more comfortable if we 
could culture whole cells from the abalone in a vat, and milk protein 
from those cells. For many reasons, they tell me, this is not yet prac
ticable. 

So I am left with a dilemma that cropped up often in researching 
this book. Counterbalancing my real fear about genetic engineering 
is my real desire for us to find more benign ways of manufacturing. 
With my ears open and my caution up, I learned what I could about 
this technique, all the while hoping the problems with cell culturing 
would be ironed out soon. 

Once the protein is sequenced (soon, says Humbert), the dip-and
coat procedure for making nacre will be halfway home. Knowing the 
protein's makeup, team members will use a machine to synthesize a 
segment of DNA that is the recipe template for "how to make nacre 
protein." They'll insert this DNA into E. coli, and hope for the best. 
With luck, the E. coli will follow the coded instructions and use its 
own cellular machinery to manufacture the proteins to order. It will 
essentially be a farming operation, where bacteria, like so many milch 
cows, produce a continuous stream of ceramic-crafting proteins. 

That's where Clem Furlong's latest device will come in handy. 
Furlong's bioreactor will house the E. coli and provide them with 
food, water, and air, thus automating the production of proteins . The 
prototype bioreactor looks like a small shoebox with glass walls. Ten 
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or twelve transparent partitions slide into the box like slices ofbread 
in a loose loaf. On each glass partition there are thousands, millions, 
of immobilized E. coli capable of producing one perfect protein after 
another. A flow ofliquid nutrients surrounds them, and oxygen bub
bles up from the bottom. 

As Furlong explains, "The same flow that carries in nutrients 
will, at the other end of the box, flush and carry off the protein they 
are producing. This protein-call it protein A-will flow into a 
beaker. But say you wanted an assembly of two proteins. You could 
engineer one strain of E. coli to produce protein A, another to pro
duce protein B, and then place them in fifty-fifty proportions on the 
glass slides. You'd then have proteins A and B flowing into solution, 
finding one another, and self-assembling in the beaker. Want a dif
ferent combination of proteins? Put a different slice of protein fac
tories in." 

The proteins can be anything the biomimic might imagine
proteins that would nucleate an even harder coating than abalone, 
or perhaps a thin film of crystals with electrical or optical qualities. 
While Furlong dreams of how we might use the bioreactor, Humbert 
and company are trying to find the abalone proteins that will take 
the shakedown cruise. 

Rich Humbert describes this protein identification, sequencing, and 
cloning strategy as if he's telling me how to cook a roast. First you 
extract a stew of proteins from the intervening layers of the nacre 
and try to separate out and identify as many proteins as you can. 
Most of them turn out to be insoluble (they won't stay dissolved in 
solution), and as such, they aggregate at the bottom of a vial and 
can't be separately named. Those that do dissolve in an acetic acid 
solvent are all you have to work with; to separate them, you first 
run them through an electrified gel. 

To prepare for this gel electrophoresis, you add detergent to the 
proteins, which neutralizes their charges and equalizes their shapes. 
You then pour the soapy proteins near the top of a slab of polymer 
gel and throw the switch, shooting an electric charge through the 
gel. This starts the proteins shimmying down through the gel, mov
ing at different speeds depending on how heavy they are (the lighter 
they are, the faster they are). After a while you see a banding effect 
as the proteins settle to certain locations in the gel. 

Each band represents a different protein. You transfer these 
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bands to a paperlike sheet and literally cut out the bands of purified 
proteins or fragments of proteins and place them in separate vials. 
Then you take each vial and expose the proteins to another lab tech
nique called protein sequencing. Using enzymes that are specially 
designed to chew off one amino acid at a time, you figure out the 
lineup of amino acids in each protein. Then you congratulate your
self, take a deep breath, and put on more coffee, because you've still 
got a ways to go. 

Fishing for Templates 
One of the key discoveries in molecular biology is the procedure that 
enables scientists to find the gene or the portion of a gene that is 
responsible for producing a particular protein. Like contestants in a 
game of Jeopardy!, gene hunters work backward. They are given the 
answer-protein-and they have to find the question that would 
have generated that answer. 

That question-the code for protein-is a carefully crafted 
DNA segment sitting in the cells of abalone. To find this particular 
strand of nucleic acid in the huge abalone genome, you make your
self a probe: a piece of DNA that will match, and stick to, the DNA 
you want to find. 

You can make a DNA probe from scratch using a machine that 
automatically strings together designated sequences of nucleotide 
bases, the subunits of DNA. You simply dial up an A (adenine), T 
(thymine), G (guanine), or C (cytosine), and the machine drips the 
base out of a vial and welds it to the end of a growing string called 
an oligio. (What's amazing to me is how scientists know which bases 
to dial to code for a particular protein. We know, Humbert explains, 
because we know the DNA code representing each of the twenty 
common, natural amino acids that occur in all life-forms. This ge
netic code, one of the truly amazing findings of our time, is simple 
enough to be printed on a 3-inch by 3-inch chart. Most labs keep it 
taped right on the oligio machine.) Using other beguilingly simple 
genetic engineering techniques, you make millions of copies of this 
probe. Now you're ready to go fishing. 

The other part of the process is building a fishing pool of seg
ments of complementary DNA (eDNA) that you derive from the 
abalone. This process is called making a eDNA library. From one of 
the big scientific supply houses, you order a kit that essentially takes 
the tissue from the abalone and transforms the messenger RNA 
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found in the cells into complementary DNA. Then you go fishing in 
this pool of eDNA, trolling until .your DNA probe finds a comple
mentary strand and sticks to it. 

The match up is possible because of the laws of complementar
ity. That is, if you have a base A on your DNA strand, it will always 
match up with a base T on the eDNA, a C will always bond with a 
G, and so on. Chances are, your relatively small fishing probe will 
hook onto a much larger segment of eDNA, thereby calling attention 
to the whole gene-the one that holds the instructions for how to 
make an abalone shell protein. If all this works, you fish out that 
abalone gene, convince an E. coli to accept it, and cross your fingers 
in the hope that it will produce, or "express," the protein for you. 

To find out whether the E. coli has cooperated, you need some 
way of seeing which colonies (out of thousands spread onto petri 
dishes) are producing abalone protein. The best way to do this is to 
go fishing again with another biological probe, this time a molecule 
that excels at recognizing proteins: an antibody. Our immune system 
produces antibodies by the millions when we are invaded by a for
eign molecule. Like attack troops, the antibodies recognize this for
eign object by its shape, then glom on and interfere with its 
functioning. What Humbert and company need are antibodies that 
will glom on to the shell proteins in a plate of E. coli. For this trick, 
they pull out a rabbit. 

After Humbert purifies the protein from nacre, he will inject 
some of this mollusk protein into a rabbit. The rabbit's immune 
system, unused to mollusk proteins, will see them as foreign and 
create antibodies shaped to fit them. Humbert will then extract these 
antibodies from the rabbit's blood and modify them so that the next 
time they attach to a protein, the attachment will trigger an effect 
that Humbert will be able to detect with his instruments. Thus la
beled, the antibodies are then spread onto the dishes of E. coli, and 
if abalone proteins are anywhere on the plate, the antibodies will 
head right over and stick to them. Using instruments to detect a 
"score," Humbert can then pluck out those E. coli colonies that are 
expressing the mollusk protein and let them reproduce to their 
heart's content. They and their offspring will be the new tenants of 
Clem Furlong's condo by the sea-the bioreactor. 

But what happens when we do find a way to produce abalone 
proteins to our heart's content? Will our crystals grow as well as 
abalone's do? Can we use slightly different proteins and produce 
slightly different, custom-made crystals? These questions can be an-
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swered only by going through the motions-setting out proteins or 
protein analogues and letting them grow crystals. 

Growing Crystals Nature's Way 

Galen Stuckey, Department of Chemistry, and Daniel Morse, De
partment of Molecular, Cellular and Developmental Biology, Uni
versity of California at Santa Barbara, have learned as much as they 
need to know about abalone proteins, and they're moving on. Like 
the Washington team, they found it difficult to break the stalemate 
of insoluble proteins, those that lump together in the bottom of the 
beaker instead of yielding to water. Even those that could be dis
solved rarely revealed their complete amino acid sequence. Rather 
than wait for a complete sequence, Stuckey and Morse decided to 
bank on the one large clue that kept turning up: the preponderance 
of acidic amino acid groups in all the proteins they could measure. 
They made themselves a protein analogue-a simple chain of acidic 
amino acids-as a stand-in for the real thing. 

Hoping to see mineralization in the act, they first had to con
vince the protein analogue to embed itself on a surface that would 
act like the walls and floors and ceilings of the abalone's scaffolding. 
The surface they chose is called a Langmuir-Blodgett, or L-B, film. 
Basically, it's a slick of tadpole-shaped molecules that float atop a 
pan of water. Each molecule's bulbous head is a charged group and 
the fatty tail is neutral. Because water is slightly charged, the charged 
head is attracted, while the neutral tail is repelled. To create an 
L-B film, these molecules are spread onto a shallow tray of water, 
and then herded together by a boom that moves across the surface. 
The boom actually squishes the molecules together until they "stand 
up" -with water-loving heads buried in the surface, and tails ex
tending above. In the cartoon sketches that scientists have drawn for 
me, an L-B film looks like a putting green of grass blades. 

To get crystals to grow from this ceiling of molecules, Morse 
pours some zigzag, accordion-sheet proteins into the tray of water. 
With the help of chemical hooks, the neutral side of the protein 
sheet embeds itself in the fatty film ceiling, while the negatively 
charged pleats hang down into the water, creating a wallpaper of 
landing sites, just as in the abalone's "rooms." He then adds mineral 
ions to the water and lets crystals grow like stalactites from the ceil
ing. By being able to control the placement of the nucleation sites, 
Morse has found he can essentially direct what kind of crystal will 
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form. He is now on to stage two, trying to identify the "pruning" 
proteins that are also present in abalone, thought to float around in 
the abalone "rooms" and terminate crystal growth. 

So far, Stuckey and Morse have used only calcium carbonate 
(chalk), the choice of abalones. Other biomineralizers in nature (the 
sixty species that have been found so far) are known to work with 
many more exotic materials. Curious about these other materials 
Peter Rieke of the Pacific Northwest Labs is going out on a ledge. ' 

Crystal Windshields 

Peter C. Rieke, mountain climber and materials scientist, takes both 
his recreation and his science to the edge. When I visited him at his 
Richland, Washington, lab, he was bundled in a three-blanket head 
cold that he caught while hanging against a rock face one snowy 
night in Yosemite National Park. The next time I saw him, half a 
year later at the Boston MRS meeting, he and his wheelchair were 
being hoisted onto a speaker's platform that was not handicap
accessible. He had broken his neck and other bones in a climbing 
fall that should have killed him. When he greeted the MRS confer
ence crowd with the customary ''I'm glad to be here," he paused a 
beat and then added, "believe me." 

Like Morse, Peter Rieke is also trying to grow crystals on a thin 
film, but instead of using L-B films, he's trying lab-made films called 
SAMs, or self-assembled monolayers. Instead of being perched on 
the water's surface, SAMs are films that coat glass slides at the bot
tom of a tray of solution. Instead of adding wallpaper to the film the 
way Morse and Stuckey's method does, the charged chemical groups 
in SAMs are part of the film itself. That gives Rieke the ability to 
play with SAMs the way a mosaic artist plays with tile. "When we 
create the film, we can place our functional groups wherever we 
want them, presenting a mosaic of positive or negative charges to 
the ions," he says. The ions touch down on these landing sites and 
crystals bloom from them. ''Ultimately, we'll be able to grow several 
different types of crystals on the same patterned film." 

Though Rieke's work takes its inspiration from the organic tern
plating of seashells like the abalone, he admits that it's not nearly as 
complex. "It's important to remember that with thin films we're 
still working in only two dimensions," he says . "Whereas' nature 
builds a whole apartment complex between the abalone body and 
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the outer shell, we're just building a crystal sheet-like the braided 
rugs in those apartments.'' 

In Rieke's lab I see some of the first experiments, which, de
spite the groundbreaking work that went into them, are deceptively 
bumble-looking. They are simply glass microscope slides that have 
been dipped in a coating of polystyrene substrate, the same stuff used 
to make squeeze bottles, bottle caps, and drinking glasses. Rieke uses 
polystyrene as his substrate because it's a polymer (a repeating chain 
of styrene molecules), analogous to the biopolymer sheets that mol
lu ks use. He's "decorated" the polystyrene with sulfonate groups, 
similar to the acidic sulfate groups associated with nucleation in mol
lusks. In his spare time, Rieke has experimented with other sub
strates and a half dozen functional groups associated with other 
hard-bodied creatures. The mineral ions he's paraded past these 
groups include lead iodide, calcium iodate, and iron oxide, in addi
tion to good old calcium and carbonate. 

Tn the real world, these humble-looking thin-film coatings could 
have a variety of applications. General Motors funds part of Rieke's 
research because it is interested in hard, transparent coatings for the 
windshields of its electric cars. "One of the reasons we aren't driving 
electric cars," says Rieke, "is because we can't find a way to seal in 
heat and air-conditioning, which escape through the lightweight 
plastic windows. Right now it takes too much energy to keep the 
cars comfortable and power their engines. If we could find a way to 
insulate the windows with a thin film, it would remove a big stum
bling block &om that technology. ' ' 

Car companies also need coatings for their drive gears, pref
erably an abrasive substance that is as thin as a second skin but 
will not wear down. Coatings now applied to these many-faceted 
gears are essentially spray-painted on in a technique called "mass 
transfer limited." It is literally limited in that the spray doesn't 
reach all the nooks and crannies of the gears. ''What would be 
ideal," says Rieke, "is if we could dunk the plastic parts in a so
lution of organic molecules which would adhere to every nook and 
craru1y, and then dunk the part in a concentrated solution of pre
cursors for an abrasive mineral The organic molecules would act 
as attractors-nucleating sites for crystallization-and you'd wind 
up with a highly dense, perfectly oriented and ordered thin film ." 
The same sort of film could be used to line featherweight plastic 
fuel tanks and parts for electric cars. 
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Besides abrasion- or corrosion-resistant protective coatings, 
whisper-thin films are also coveted by industry for electronic, mag
netic, and optical devices in which precise and tiny crystals are 
needed to store, transport, or relay signals of light or electrons. Be
cause they are so thin, the films could be built up into multilayered 
devices composed of a semiconductor layer, an oxide dielectric layer, 
a magnetic layer, or a ferroelectric layer for electro-optical devices. 
Depending on what kind of mineral you use, you could also use the 
crystallized coating as a sensor, a catalyst, or even an ion-exchange 
device. 

A simple, two-bath dunking-first in template molecules, then 
in a bath of crystal precursors-would be a liberation from today's 
slow and expensive methods of producing high-density precision 
films. "Nature's idea of mineralization templated by proteins would 
revolutionize thin-film technology," says Rieke. Even something as 
simple as an audiocassette or a computer disk could be vastly im
proved. Iron-oxide crystals, common in magnetic bacteria and in gas
tropod teeth, are what hold the zeros and ones in our magnetic 
media. Right now, they are essentially piled onto the surface in dis
array. Lassoing and roping these crystals into alignment with protein 
templates would allow more crystals to fit on a disk, holding more 
bits and bytes. 

Ultimately, Rieke's team hopes to build a catalog of mineralizing 
systems, showing which crystal grows on which substrate in which 
concentration. "We're learning the principles of crystallization as we 
go along," he says, "but it's still very much a black art. It took us 
three years of fiddling to learn the iron-oxide system, but now that 
we have the recipe down, no one else will have to reinvent it. In the 
future, materials engineers won't have to start from scratch every 
time they need a two-dimensional coating. They'll just buy a kit and 
read the instructions: 'Use this SAM in this concentration of this 
solution for this long.' " 

Three-Dimensional Crystal Containers 

But why stop at two dimensions? Stephen Mann, a biomineraliza
tion expert in Bath, England, is re-creating three-dimensional pro
tein sheathing, using tiny balloonlike compartments to mineralize 
small particles. His inspiration comes from the vesicles that living 
cells use to trap ions and precipitate out minerals. One-celled mag
netotactic bacteria, for instance, produce incredibly tiny, defect-
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free crystals wrapped in organic membranes. Engineers can think 
of any number of uses for such small, perfectly formed, indepen
dent crystals. For instance, when you use magnetite as a catalyst to 
speed up chemical reactions, you would rather have a million 
smalt separate spheres (with a lot of surface area exposed to the 
reaction) than a hundred large spheres. Unfortunately, without be
ing pre-organized in balloonlike separators, most processed magnet
ite winds up sticking together because of the magnetic force 
between the particles. 

To remedy this, Mann has followed the bacteria's lead, success
fully growing crystals in lab-made vesicles. H e's even built his organic 
balloons in various sizes and shapes, showing that curved, organic 
surfaces can also help us shape tiny single crystals with precision. 
Recently, Mann has utilized an even smaller compartment formed 
by a single cagelike protein called ferritin. (Ferritin is the protein 
that sequesters iron oxide in our bodies, thus keeping rust out of our 
cells.) Growing a crystal inside one protein would take templating 
to a new high (which, sizewise, is a new low). 

Another way to ''grow'' a three-dimensional crystallized struc
ture is to begin with a quivering block of jellylike polymer studded 
with inorganic minerals. As the jelly sets, the minerals inside crys
tallize, and the result is a composite-a flexible polymer stiffened by 
swarms of inorganic crystals. The combination of hardness and flex
ibility, say the materials scientists, would come in handy in every
thing from aerospace to appliance design. Imagine a living-room 
window that is as rigid as glass, yet able to bend and bounce back 
when assaulted by your neighbor kid's baseball. 

Right now, we can create composites only by placing the fibers 
or crystals layer by layer, which is slow and expensive; crystals grow
ing on their own inside polymer would allow us to create readily 
moldable composities (like car bodies) with a dramatic reduction in 
production costs and pollution. 

Fabbers 

What if you want a three-dimensional material that has an even more 
exacting crystalline order? What if you want a whole computer mon
itor, say, made of crystals in brick-wall architecture? That's a job 
for 3-D templating, say the scientists, using proteins that will self
assemble into a scaffolding. In the meantime, for those who still want 
to put nature 's blueprints to work, there's a halfway technology that 
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could give us a taste of future complexity. It's called free-form man
ufacturing, and with the aid of computers, it allows us to build 3-D 
objects from the ground up, one layer at a time. 

Engineers have been using this technology for years to build 
plastic prototypes from design sketches. They take a design, digitize 
it in three dimensions with CAD (computer-assisted design) soft
ware, and then electronically slice the design into very fine cross
sectional layers, like those you see in magnetic resonance imaging 
(MRI) scans. Each slice is a complete blueprint for that layer-in
cluding its dimensions and what material it should be made of. The 
software sends these coordinates to the ink-jetlike heads of a rapid 
prototyper, or "fabber," which will "print" the object from the 
ground up, layer by layer, until a three-dimensional finished product 
is built. Instead of ink on paper, the heads shine a laser beam onto 
the surface of a vat of a liquid polymer that hardens in the presence 
of a laser. Here's a description from the "fabber page" on the 
Internet. 

To print, say, a coffee cup, a fabber trains its computer-guided laser 
beam onto a vat of the liquid polymer. The laser first scans a solid 
circular region on the surface of the liquid, hardening it into a disk

the base of the cup. Then that base, which rests on a platform in the 
vat, is lowered about five thousandths of an inch, just enough for a 

thin film of liquid polymer to wash over it. The laser traces a hollow 
circle over this liquid, forming the bottom layer of the cup wall, which 
fuses with the base. Layer after layer, the laser traces the cross section 
of the cup, building it from the bottom up-including the handle. By 
printing one cross section at a time, a fabber can build objects that 
are much more complex than a coffee cup. 

For the biomimics who study shell- and teeth-building technologies, 
the fabber's moving-front technique is familiar. Nature's twist is that 
instead of just one material, two or more may be used-a layer of 
chalk separated by a layer of proteins, for instance. Paul Calvert is 
now working with a company in Arizona to retrofit a fabber so that 
he will be able to build bio-inspired composites of more than one 
material. 

Paul Calvert loses his normal nonchalance when he talks about 
the possibilities. "A layer of templating proteins may be laid down, 
for instance, and then along that front, a layer of mineral precursors 
could be laid down. We could use ink-jet heads to deliver the rna-
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terial. Crystals could be allowed to grow naturally, or they may be 
treated in some way to accelerate growth. The next layer could be 
composed of an entirely different mineral." Even within a layer, a 
rnixture of two or more materials could be used, allowing you to 
blend from one material to another in a gradient. "A gradient of one 
rnaterial to another makes for a stronger joint and eliminates the 
need for glues or snaps. Nature uses blurred boundaries all the time, 
avoiding abrupt interfaces, which are crack prone and require some 
kind of fastening together,'' says Calvert. 

This kind of layerwise growth should also give engineers the 
ability to vary the dimensions within a part, just as bone varies in 
orientation and density throughout its length, becoming thicker and 
thinner in places. Using the fabber, we could conceivably follow na
ture's design plans much more closely than we have ever been able 
to do. 

For now, Calvert and his company have not attempted anything 
more complex than some rings and cylinders made of two materials, 
and once, a high-tech Easter bunny figurine for an April display. 
Easter bunnies built layer by layer in 3-D might not constitute a 
materials revolution, but airplane wings or car bodies just might. 
Imagine being able to make light, strong composite skins for solar
powered cars without the use of high heat or chemicals. Or being 
able to fashion a spare part for your car when you are in a remote 
area, using common materials like chalk or sand. Sound like Star 
Trek? Stay tuned. With nature's blueprints and Paul Calvert's ma
chine, science fiction might just materialize into fact. 

THE SOFTER SIDE OF MATERIALS SCIENCE
HIGH-TECH ORGANICS 

Of all the materials made by biology, minerals star in only a portion. 
Life has also created a bounty of resilient, organic materials-skin, 
blood vessels, tendons, silk, adhesives, and cellulose, just to name a 
few. At the MRS meeting, the fans of these organic tissues gave the 
biomineralists a run for their money. 

Not that the two groups were far apart when it came to nature's 
trade secrets. Like biomineralized structures, organic materials are 
also hierarchically ordered. Their structure is just as faithfully coupled 
to function. They are templated to order, and they are self-assembled 
at life-loving temperatures and pressures, with no toxic aftertaste. 
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The only difference between the soft and the hard is where the 
precursors or building blocks originate. When a bombproof covering 
is required, inorganic minerals from the Earth come to the rescue. 
But when something more flexible is needed, life can build every bit 
of it from organic (carbon-based) building blocks. Here, proteins be
come more than directors or scaffolds; they actually are the material. 

To find this softer side of materials science, I traveled to the 
salty tureen of life on the other coast to see how a small blue mussel 
uses a waterproof adhesive to tether itself to solid objects in turbu
lent tides. University of Delaware researcher J. Herbert Waite, te
nacious in his own right, is happily stuck on Mytilus edulis. After 
thirty years of study, he's begun to pry loose the secret behind the 
real, live superglue made from protein. 

Byssus as Usual 

"We have Batman and Spiderman," yells Herb Waite at the top of 
his voice. He is yelling because the Atlantic breezes in December 
are fierce and we are out on a pier in the marsh grasses, kneeling 
beside a rusting fishing boat owned by the University of Delaware's 
Marine Sciences lab. "But mussels are every bit as talented. I can't 
believe we have no mussel superheroes." 

Waite wears a British driving cap, and a full beard and broad 
chest a la Hemingway. He is reeling up something heavy, pulling 
hand over hand on a thick and slimy rope. Finally the dark waters 
part and a four-foot-wide cage comes up, its sides encrusted with 
navy-blue bivalves called Mytilus edulis, common both to salt 
marshes and appetizer menus. (I am glad now that we declined to 
order them at the restaurant where we had lunch. We were talking 
too highly of them to start dipping them in drawn butter.) 

"How do you suppose they are hanging on?" he yells, and I 
realize I don't know bivalves well. I look closely and begin to see 
hundreds of small translucent threads, extending like plastic tethers 
from the bivalves to the cage. 

"Those tethers are called byssus [pronounced hiss-us], and 
they're more amazing than anything you can imagine. There's four 
or five patents right there that industry would love to have." Thank
fully, Waite agrees that it's too cold to be standing here staring at 
gaping bivalves. We drop the cage and run back to the Cannon Hall 
marine lab, a building that looks for all the world like a ship gone 
aground. It even has porthole-shaped windows. 
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Once on board, we head for the tanks, where Waite has hun
dreds of M. eduli growing. Through the gla s, we get a close-up of 
the translucent threadlike filaments-about two centimeters long
eXtending from the soft body. At the end of each filament is a tiny 
disk, called a plaque, attached to the glass with a dab of natural 
adhesive. 

Waite sticks his hand in the tank and dislodges a few mussels 
from their tethers so we can watch them create new ones. "When 
a bivalve wants to settle down somewhere in the tidal zone to feed, 
it sticks out its fleshy foot [which looks more like a tongue] and 
creates one of these thread-and-plaque-and-adhesive combos," he 
says. The whole thing is called the byssus complex, and its manu
facture is nothing short of fantastic. 

The fleshy foot presses tip first against the attachment site. Spe
cialized glands secrete collagen protein (the same protein that's in 
our tendons) into a longitudinal groove in the foot that acts as a cast 
or mold. The thread and plaque self-assemble and harden in the 
groove, and then an adhesive gland near the tip of the foot squirts 
adhesive protein between the plaque and the surface. The entire 
process, including curing of the adhesive, takes only three or four 
minutes. 

Depending on the shear of the waves, a bivalve may put out 
two or three more tethers, all directly opposing the stresses. Once 
it's staked down, it can gape open its shell and do the filter feeding 
that makes turbulence a friend. Tidal flows are like a conveyor belt, 
sweeping in food and sweeping out wastes. Even gametes-repro
ductive cells-are delivered and swept away by the tides, enabling 
mussels to date and mate over long distances. With byssus, says 
Waite, mussels build themselves an anchor, a lifeline, and a niche. 

It's no different from what we do. "Nature invents and we in
vent. In fact, I think that humans and all other life-forms have been 
evolving toward similar points, but other organisms are simply far
ther along than we are. They have already faced and solved the prob
lems we are grappling with. For instance, edulis, wanting to eat in 
the tidal zone, had to manufacture a glue that could stick to anything 
underwater. We know how tough that is, because our adhesive in
dustry has been struggling for years to come up with an adhesive 
that can work in moist conditions and stick to anything. It's still out 
of reach. Mussels are light-years ahead of us." 

To prove his point, Waite gives me a primer on primers. We 
prime before we paint because we hope it will help the paint stick 
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a little better. But our primers are notoriously unreliable. Water 
eventually eases its way under both the paint and the primer, bub
bling our house paint and spreading a rash of rust across our trusty 
Toyotas. Water is also the enemy in the application stage, which is 
why we always have to dry off a surface before we glue anything to 
it. That's also why we have to dry-dock our boats to repair them, 
and why we have to use stitches in surgery instead of glue. We are 
flummoxed by the fact that crafty mussels are able to spread adhesive 
in the deep, cure it wet, and then count on it to stick to just about 
anything, all while surrounded by water. How do they do it? 

"They do it with chemistry," says Waite, "and I became ob
sessed with finding out what kind of chemistry." I look through the 
glass, but the byssus-building mussel "plays poker," hiding most of 
what it is d.oing inside its fleshy foot. Waite has used molecular 
probes and other ingenious techniques to spy on each part of the 
process. As my interpreter, Waite explains what he thinks is hap
pening inside the foot, and what we would do if we were attempting 
a similar feat. It's the classic "them and us" story that biomimics are 
so good at telling. 

Cleaning the Surface 
"OK," Waite says, "pretend I'm edulis." He sticks out his arm to 
represent the fleshy part of the mussel's body that protrudes from 
the shell, and with his hand, he begins to creep along the surface of 
the lab table. "The mussel uses its foot to shop around for a likely 
surface, and when it finds one it likes, it cleans it with squirming 
motions.'' 

We clean surfaces too, he tells me, mainly because our adhesives 
really need the help. "This table might look smooth, but if you could 
see its molecular terrain, you'd see hills and valleys-bumps on the 
surface composed of positive or negative charges. If you wanted a 
coating of some sort-a sheet of positive charges-to stick, you'd 
ideally want a surface that had all its negative charges exposed. But 
if the surface was uneven and some of the negative charges were 
hidden in valleys, it wouldn't be easy to get a bond. Because our 
adhesives aren't very talented, we have to spend a lot of time pre
paring the perfect surface for them. A squirm here and there 
wouldn't do it for us." 
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Applying the Primer · 
After a rather casual cleaning, the mussel presses the tip of its foot 
down on the surface like a plunger to squeeze the water aside, and 
then deposits a mucous seal around the edges. Next, the muscles in 
its foot contract, lifting the ceiling of the plunger and hollowing out 
a bell-shaped cavity-a vacuum space. Mimicking the vacuum for
mation, Waite presses his palm perfectly flat on the lab table and 
then cups it. "Now I'm ready to manufacture a thread and disk, and 
attach it to the surface with an adhesive." 

If only it were that easy for us. Before we can lay down our 
adhesives, Waite explains, we usually need some sort of primer that 
will combat water, the bad boy of bonding. Most surface molecules 
would rather bond with water than just about anything else. And 
once water grips the surface, the adhesive loses its place (which is 
why you can usually get a wine label off by soaking the bottle). 

A primer is designed to confound water. It occupies the chem
ical groups on the surface you are painting, in effect hiding the 
"hooks" that might get caught up in a reaction with water mole
cules. On glass surfaces (which love water), we prime with silanes, 
chemicals that imitate the bonds found in the glass itself. While one 
part of the silane layer occupies the glass, the outward-facing side 
presents chemical hooks that can bond with the adhesive, or some 
other polymeric material such as paint. 

But even our specialty primers are far from foolproof. If water 
molecules (in vapor or liquid) manage to enter through a crack or 
scratch, they'll slip under the adhesive or paint and outcompete the 
primer, burrowing down to bond with the glass. If we had a talented 
enough adhesive, suggests the mussel, we wouldn't need primers to 
achieve good adhesion. And we wouldn't have to worry about our 
paint blistering or our cars rusting away. 

Laying the Adhesive 
In the ceiling of the bell-shaped cavity of the mussel's foot are jets 
that squirt out granules: one- to two-micron-wide balls of liquid 
proteins that first coalesce, then harden or cure into an adhesive 
via the cross-linking of tangled strands of protein. In the mussel's 
case, the cross-linking hooks located on the strands are doubly ver
satile; they cross-link to one another for cohesion (a hanging together 
of the glue) , and they bind to the surface too, in what's called ad
hesion. Conveniently, these hooks are built right into the protein. 

The other items needed for the cross-linking reaction-a chemi-
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cal initiator to kick it off and a catalyst to speed it up-are also right at 
hand. The initiator for this chemical reaction is oxygen, which comes 
free for the taking in seawater. A catalyst also comes free, bundled 
with each mussel protein molecule. After helping to speed the cross
linking, it conveniently becomes a structural part of the glue. 

Our adhesives are woefully underequipped by comparison. We 
have to add not only an initiator to get things going (oxygen isn't 
enough) and a catalyst to speed things up, but also a separate cross
linking chemical. That's three steps instead of one. Despite all this 
effort, getting good cohesion and adhesion in one product is still a 
dream. 

Creating the Foamy Plaque 
Next, the mussel manufactures the solid-foam disk that anchors the 
end of the thread. This plaque is made of different proteins that 
squirt out of jets in the bell-shaped cavity. Once released, they 
thicken to the consistency of shaving cream and then harden into a 
solid foam containing air bubbles, like Styrofoam. 

"Why a holey substance?" I ask. "Wouldn't a solid mass be 
sturdier?" 

Maybe, says Waite, but sturdiness is not the only thing a mussel 
needs. Flexibility is also a virtue. A foam will deform more easily 
than a solid will-allowing it to give a little. This means mussels can 
perch their plaques on surfaces like pilings or metal stanchions, 
which expand and contract over the course of a tidal cycle. Whether 
a mussel is baking in the sun or bathed in cold water, its plaque will 
give without breaking. 

Equally important, a solid foam knows when not to give. As 
Waite explained, "If you notch a solid substance, like glass for in
stance, and apply force, you'll get a crack propagating 'catastroph
ically' as the materials scientists like to say. Use a holey material like 
foam, and the crack will travel only to the first void and then lose 
steam. It's called a crack-stopping strategy. In wood, the voids

1 

are 
those longitudinal tubes where the sap travels. When you cut a log 
across the grain you keep hitting them-that's why you stan'Cl logs 
on end in order to split them." 

When we make a solid with holes-Styrofoam, for instance
we use what's called a blowing agent to force bubbles into a vat of 
thickening polymers, or plastic. Unfortunately, the blowing agents of 
choice are CFCs (chlorofluorocarbons), which, when released to the 
air, react with the atmosphere and tear up the ozone layer. In light 
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of the hole gnawed in the atmosphere above Antarctica, global lead
ers have begun to call for bans on the production and use of CFCs. 
The first phaseout in this country started in 1996, as specified by the 
Montreal Protocol on Substances that Deplete the Ozone Layer and 
the 1989 revisions to the Clean Air Act. 

With the CFC ban on the horizon, industry was anxious to find 
a way to make Styrofoam without ozone-depleting chemicals. The 
military was especially motivated, since it regularly tests explosives 
against thirty-foot-thick sheets of the stuff. One major consumer, the 
Picattiny Arsenal in New Jersey, spearheaded research into a CFC

free process. 
Its elegant solution answered a question that Waite had been 

struggling with. "What I couldn't figure out was how the mussel 
could produce a solid foam without using a blowing agent. When I 
read about the new gas-free process, I said, of course, this is how 
mussels must do it1 Here we are, toasting the inventors of the new 
Styrofoam at award ceremonies, not realizing that mussels have been 
quietly doing the same thing for millions of years." 

The old way of making Styrofoam is to pour styrene molecules 
into organic solvent and wait for them to link into polymer chains 
thousands of monomers long. As the chain grows, the solution be
comes thicker and thicker, eventually turning the consistency of pea
nut butter and then peanut brittle. Somewhere in between, you blow 
in a gas to form air spaces-which in technical lingo is called "in
jecting a gas phase into a liquid phase." No other gas works quite as 

well as CFCs. 
Finally, someone working on the problem thought: Instead of 

injecting a gas phase, why don't we put a liquid phase into the liquid 
phase-like oil into water-and have one liquid evaporate while the 
other solidifies? The big problem was that styrene molecules are just 
like oil-they hate water and tend to simply settle out in clumps at 
the bottom of a beaker long before the water evaporates. 

The chemists working on this problem should have just taken a 
break and gone to the biggest salad bar in town. As it turns out, the 
riddle of keeping an oily liquid suspended in water has a simple 
solution, one that we benefit from every time we dress our radicchio. 
Colloidal chemists call it the "salad dressing model." 

In prepared dressings, food manufacturers add egg whites to 
form an emulsion that keeps oil droplets distributed throughout the 
vinegar so you don't have to keep shaking the bottle. This process 
works because egg-white proteins are molecules with water-loving 
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heads and fatty, water-fearing tails. To get away from water, the fatty 
tails all point toward oil droplets, while the water-loving heads stick 
out into the vinegar. You wind up with separate oil droplets, each 
surrounded by a skin of egg-white molecules. Carried by these em
issaries, the oil droplets stay suspended. 

Instead of using egg whites to escort the styrene monomers, the 
new-Styrofoam researchers used detergent molecules, which are also 
schizophrenic when it comes to water. Their fatty tails circle around 
a small group of styrene monomers, forming a "micelle" -a tiny 
reaction vessel with styrene inside. Literally thousands of these de
tergent micelles begin to form in the beaker. Inside each one, the 
styrene monomers begin linking up into a chain. When neighboring 
micelles collide, the thickening substance from one micelle breaks 
through its detergent wall and forms a bridge to the growing chain 
in the next micelle. This happens repeatedly until all the micelles 
are connected in a giant, solidifying meshwork. Before you know it, 
the tables have turned, and the water that once surrounded the sty
renes is now trapped inside their slowly stiffening lattice. As the folks 
from Picatinny found out, you can pick up the solid lattice, put it 
on a drying block to wick out all the water, and voila!, you have air 
inside a solid, sans CFCs) 

In technical lingo, this is called a phase inversion. Styrene inside 
water becomes water inside polystyrene. Waite's theory is that the 
same phase inversion happens in the mussel's bell jar. The plaque 
proteins drop into water, and as they cure, the water becomes 
trapped inside their thickening cross-links. When the water drains 
out, the mussel has a solid foam plaque containing air bubbles, which 
is then wrapped in sealant. 

I wonder aloud how many other things the lowly mussel had beaten 
us to, and what we could learn that was new. "We haven't even 
gotten to the byssus thread," says Waite with a brief smile. He can 
see me getting hooked on edulis, and it pleases him. In his under
stated way, he is absolutely on fire talking about this biv.alve. The 
lab has long ago emptied out and the lights in the parking lots have 
flickered on, and neither one of us has budged for hours. 

Self-assembling the Thread 
The thread is the translucent protein fiber that connects the mussel's 
soft body to the foamy plaque. "To form the thread," explains 
Waite, "the entire foot body forms a longitudinal groove, curling in 
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on itself the way some people can curl their tongues. The outer edges 
of the groove seal and the muscles in the foot balloon out to create 
a negative space in the groove, a vacuum. Numerous jets along the 
body of the foot squirt out granules of thread protein, each jet se
creting a slightly different variation of protein, custom-mixed to per
fection. These proteins are massaged into place by muscles and then 
left to self-assemble and cross-link." 

When we produce fibers from cross-linked polymer, we, too, 
use jets to shoot the raw material into a chamber. We do what's 
called extrusion-a large-diameter screw turns inside the chamber, 
spiraling the precursor material slowly forward toward a die. The die 
imposes some sort of ordering or shape as the fiber is extruded, in 
the same way that a pasta machine makes fettuccine or rigatoni. The 
difference between us and the mussel is that our fibers are monolithic 
in character: chains with little or no variety in their subunits, uniform 
throughout. 

The byssus, on the other hand, has a multiple personality. When 
Waite analyzed the thread, he found that it is made of hundreds of 
protein molecules, all slightly different in composition. Though their 
core is collagen protein, like our tendons, each molecule has a por
tion that is either springy, like natural rubber, or rigid, like natural 
silk. The proportion of springiness to stiffness depends on where in 
the thread the protein is located. The molecules at the mollusk end 
of the thread are springier, while those near the plaque are stiffer, 
presumably to give the thread the soft-and-hard qualities that it 
would need in its turbulent home. In testing, Waite found that this 
customizing of the proteins makes byssus a lot stiffer, tougher, and 
more elastic than pure collagen would be. 

The gradient from the springy top of the thread to the stiff end 
is not abrupt, however; there is no interface or line drawn between 
the two. As Paul Calvert had told me, nature loathes fasteners
instead it blends gradients so that the fiber has no single vulnerable 
point. Waite speculates that such a bifunctional thread would be 
something we could use for prostheses, or even for robot tendons. 
The elbow portion of a robot arm could incorporate the rubbery 
segments, he suggests, while the forearm and upper-arm parts could 
have stiffer natures. And coating it all, says Waite, could be an edulis
inspired sealant that would be even more amazing. 
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Sealing the Thread 
"To me, the transparent sealant that coats· and protects the byssus is 
one of its most exciting features," says Waite. "Byssus is food, after 
all-it's protein. The only thing that keeps it from being eaten im
mediately by the voracious microbes in the sea is its sealant." 

After the thread and plaque are formed, the whole structure 
gets coated with yet another set of protein granules that coalesce 
spread out evenly, and set to a lacquerlike finish. (The process her~ 
is uncannily like the one we use to coat tiny time capsules.) For its 
finale, the mussel secretes a releasant over everything-a mucuslike 
substance that allows the newly cast thread and plaque to separate 
from its mold. Like a curator uncovering a brand-new painting, the 
mussel removes its foot and the sealed byssus sparkles in the sea light. 
Although the sealant is itself made of protein, its structure makes it 
impervious to microbes, at least at first. 

''What's neat about the sealant is that it doesn't stay perma
nently impervious to microbes. The mussel may use its byssus for a 
few hours or a few days. When it's time to move on, it leaves its 
byssus behind. In two or three years, the sealant falls apart and the 
microbes get to feast . 

"The reason that excites me," says Waite, "is that we have a 
lot of consumer products that we use briefly and then throw away." 
He goes into a lab drawer and pulls out a box of hundreds of pipette 
tips. He pours them on the slate top and they scatter. "Petrochem
ically derived plastics like this will virtually last forever in a landfill. 
Our greatest sin is this overengineering-we may not be able to live 
forever, but we make darn sure that our waste will.'' 

Waite's idea is to make disposable things that will last only as 
long as we need them. "We could use natural materials like collagen, 
silk, rubber, cellulose, or chitin [from crab shells] to produce fibers 
or containers or whatever, and then seal them with the mussel-type 
sealant. After two or three years, the sealant breaks down ' and mi
crobes in the landfill invade the degradable material underneath. 
Back it goes, into the food chain. 

''When you take a natural polymer and coat it with a natural 
polymer that degrades much more slowly, then you're going toward 
ideal design that doesn't fly in the face of modern technology. We 
can still have some throwaway items, but instead of burying or burn
ing them, we can compost them. The degradation can be put off, 
but not indefinitely the way it is now." 

No wonder Waite wants someone to make edulis a superhero. 
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The patents in this one seemingly ordinary animal would support 
a whole industry. One reason it may have taken innovators so long 
to look at edulis was suggested to me by Randy Lewis, a silk re
searcher at the University of Wyoming. "Natural materials are dif
ficult to interrogate," he told me. "They're often insoluble proteins, 
rneaning it's tough to get them to separate out. They're usually huge 
molecules, and until very recently, we haven't had the tools to vi
sualize them. Some of the most interesting are composed of highly 
repetitive sequences, which, once they are broken into pieces, are 
like a jigsaw puzzle with only one color-hard to put back together 
again. As a result, even if funding agencies agree that silk or bioad
hesive is an interesting material, they're not certain you'll be able to 
get to the bottom of it. They usually fund something else that's a 
surer bet.'' 

Herb Waite has been trying to get to the bottom of a natural ma
terial for longer than most. When I ask him how many of the byssus 
proteins he has left to characterize, he is cagey. "Well, so far we've 
characterized four proteins called Mytilus edulis foot protein or 
MEFPI through 4 . MEFPI is the sealant, MEFP2 is the structural mol
ecule in foam, MEFP3 looks like it's present at the foam interface, but 
that may be a limitation of our technique. I don't know what MEFP4 
is yet. We've also got two collagens from the thread, three DOPA
containing proteins [DOPA is 3,4-dihydroxyphenylalanine], and one 
enzyme. I have to do another DOPA-containing protein and as many 
as ten minor proteins and an enzyme." Suddenly he stops counting 
and waves it all away. "I don't really concentrate on how many I have 
left. It's like climbing a mountain-you don't want to look up and see 
how far you have to go; it doesn't help. The only thing that helps is to 
put one foot in front of the other. 

"So to speak." And with that, he smiles a very dry Herb Waite 
smile. 

In the meantime, industry has heard about this universal superglue, 
and companies like Allied Signal are hovering over Waite's work. 
What intrigues them is the fact that mussel glue will stick to just 
about anything, probably because of its elegant bifunctional chem
istry that cross-links internally while also coupling to a surface. 

Once Waite had described the chemistry involved in the cross
linking, Allied Signal cloned what it thought was the gene for the 
adhesive protein and got E. coli to start producing it. Waite also told 
them that the chemistry depended on a catalyst that cross-links the 
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protein-it converts tyrosine residues into DOPA residues, and then, 
along with oxygen, they turn into orthoquinones, which are the basis 
for cross-linking. Though he knew what the catalyst did, Waite still 
wasn't sure what it looked like. Instead of waiting for Waite to climb 
that mountain, Allied Signal scientists simply used a common, off
the-shelf catalyst-one that is extracted from mushrooms. "They 
missed the whole point," says Waite. "The mussel's catalyst is spe
cially constructed to first help with the cross-linking and then to 
become a structural part of the glue. That's why it's packaged in a 
one-to-one ratio with the protein. You can't use a nonstructural cat
alyst and hope to get away with it. You're ignoring the crux of the 
puzzle." 

Sure enough, after years of cloning effort, Allied Signal pro
duced an adhesive protein that wouldn't adhere. "It converted 
DOPA to quinone but it didn't lead to coating or glue. All we got 
was a brownish flocculent [a woolly mass at the bottom of the 
beaker]," says Ina Goldberg, who worked on the research. They de
cided they couldn't wait for the catalyst to be identified fully, so the 
research folded. 

In the meantime, a group in Massachusetts called Collaborative 
Research is simply chopping up the mussel foot and selling the pu
rified protein as a cell-and-tissue adhesion product called Celltak. 
It's not a universal glue yet, but it does work well to coat petri 
dishes and entice cells to settle down and grow outward in a nice 
sheet. Word has it that Collaborative Research is about to start mar
keting a product similar to Celltak that is derived from recombinant 
DNA. It will sell the plates itself, precoated. In the meantime, a 
company in Chile is chopping up large cholga mussels-they can be 
as large as a shoe-and separating out the protein to sell as a petri 
dish coating. 

Using the raw precursors in the foot is one thing, but doing what 
the mussel does with those precursors is another. No one- has yet 
duplicated the process by which the mussel builds its fiber, its 
plaque, its adhesive, or its sealant. Waite thinks we may have better 
luck, in the short term, looking at yet another of the mussel's many 
talents. It seems that the same adhesive protein that binds so adeptly 
to metals in rocks or on stanchions also clamps on to heavy metals 
that the mussel ingests in its food. In this way, the mussel stores the 
toxins in its byssus rather than in its body, and when it moves to 
greener pastures, it jettisons the byssus and leaves the heavy metals 
behind. 
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The U.S. Environmental Protection Agency (EPA) is interested 
in the record of metal accumulation that's left in that cast-offbyssus. 
In its program called Mussel Watch, the EPA harvests byssus lefto
vers in the Chesapeake Bay, and analyzes them over a period of time 
to see if metal residues in the bay are trending up or down. Waite 
can envision cloning the gene for that protein (so we can make mas
sive quantities), and then using it as a screen in a filtering system. 
The protein filters could be installed on ships, dragged for a time, 
and then analyzed for metal residues. 

"It's only one of the many practical inventions that could come 
from the mussel's repertoire," says Waite. "As we perfect our tech
nologies, I'm sure we'll run across other processes and designs that 
edulis has already worked out. The adhesive is only one patent among 
many." 

And edulis, of course, is just one bivalve among many, one in
vertebrate in the ocean among many. Suddenly I wish it were Herb 
Waite we were cloning, instead of just proteins. 

For the reasons that Randy Lewis listed, there are not many 
like Waite who have decided to tackle natural materials. Although 
many engineers admit that there's merit to this inquiry, the obsta
cles make it a long-term, hair-pulling endeavor. "You have to be 
sure the material is really worth it," says Lewis. One material that 
has won over many researchers, including Lewis, is a 380-million
year-old fiber with a twenty-first-century future. Spider silk, says 
the University of Washington's Christopher Viney, is the stuff that 
dreams are made of. 

Along Came a Spider 

It's a steamy 80 degrees F. in Christopher Viney's Seattle lab, in 
deference to Tiny, a six-inch-long golden orb weaver spider (Nephila 
clavipes), who is now flipped on her back, dining on crickets while 
being silked. A gossamer thread issues from her enormous abdomen 
at a steady clip, wound by a motor onto a revolving spindle. In this 
session alone, Tiny will donate about one hundred feet of "·a~agline," 
a specialty silk designed for rappelling from drop-offs and framing 
the spokes and perimeter of her web. 

Dragline is only one of six silks that this eight-legged factory can 
produce, each one mixed in its own gland, extruded through its own 
spinneret, and endowed with its own chemical and physical prop
erties, all of which the spider needs to survive. As the late arach-
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nologist Theodore H. Savory once remarked, "Silk is the warp and 
woof of the spider's life." 

Many spiders begin their lives as eggs swaddled in silk and take 
their first trip via a thin strand that catches on air currents and "bal
loons" them to new, distant homes. When hunger strikes, some spi
ders spin a nearly invisible snare, while others spin dense sticky 
sheets that snag insects the way flypaper does. Still others dispense 
with web spinning altogether, simply extruding a single silken strand 
with a sticky ball attached. "The ball is hurled, gaucho-style, at in
sects flying by, which are then lassoed in and calf-roped," writes 
entomologist May R. Berenbaum in her book Bugs in the System. Silk 
also figures prominently in the sex lives of spiders. In courtship, silk 
may be laced with pheromones (sex attractants), like a handkerchief 
sprayed with cologne. Once the wooing has worked, males may spin 
more silk to immobilize the female (who is just as likely to eat her 
suitor as to mate with him). Still not wanting to get too close, he 
deposits his sperm into a special little package of webbing, which he 
inserts into the female. Even in death, writes Berenbaum, spiders' 
lives are tied up in silk. Certain species of spiders are known to wrap 
the remains of a dead compatriot in specially woven shrouds. 

Lately, this mysterious material has also become central to the 
lives of a small cadre of materials scientists. As Christopher Viney 
drops another cricket Tiny's way, he seems more surprised than I 
that his career has come to this. ''I'm a metallurgist!" he says, feign
ing defensiveness. "Really! I'm a licensed physicist] I haven't taken 
a biology class since high school1" I begin to pick up some of the 
paraphernalia festooning his room-a rubber spider, macrame spi
derwebs, a can of slug chowder ("Please don't add salt,"'- the label 
cautions), biology journals, an article that refers to him as the Spider 
Man. "OK." He throws open his large hands and shrugs. "So I went 
astray.'' 

''Astray'' began in high school in South Africa when Viney had 
a biology teacher who was also a museum curator. "He veered wildly 
off the syllabus, regaling us with stories about cracking the DNA 
code and other exciting developments going on at the moment in 
science. His enthusiasm was absolutely infectious. As a result, when 
I applied to Cambridge, I actually did better on my entrance exams 
in biology than I did in physics and chemistry, which was what I 
wanted to go into. I eventually wound up studying metallurgy in the 
Natural Sciences program, which was the most interdisciplinary op-
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tion available. I didn't learn a thing about welding, but I did learn 
about atoms and molecules." 

One of the most important classes Viney took was an elective 
that taught him a skill he would later use while surfing between 
c:Usciplines: crystallography. Crystallography is the study of how or
ganic and inorganic materials, under certain conditions, assume very 
ordered shapes and structures called a-ystals. The atoms in a crystal 
line up in predictable spacings and stay that way, giving you some
thing like three-dimensional wallpaper, with a pattern that repeats 
itself in all directions. A liquid has a much more random arrange
ment of molecules. There is no pattern to help you desa·ibe or pre
dict exactly where the molecules are. 

In between the order of a crystal and the disorder of a liquid is 
a material called a liquid crystal, which has some qualities of both. 
It's a liquid with its molecules arranged in orientational but not po
sitional order; that is, the molecules are all aligned in some dimen
sion-they're facing the same way- but they aren't positioned in a 
predictable pattern. Though Viney didn't know it at the time, his 
early fascination with these semi-ordered crystals would lead him 
directly into Tiny's web. 

"Actually, it all started one Saturday night while I was on the 
couch reading dirty physics magazines," he laughs. "I came across 
an article by Robert Greenler [physics professor, University of Wis
consin-Milwaukee, and president of the American Optical Society] 
on why you can see rainbows in spiderwebs at dawn and dusk. It 
combined optics, which I love, with silk, which I knew very little 
about. As it turns out, no one else did either. We'd been culti,rating 
silkworm silk for four thousand years, but when Greenler needed the 
refractive index (a very common measurement) for spider silk, he 
had to guess at it . . 

"This made me curious about the refractive index of spider silk. 
I did a test and realized that it was very high. Usually, a high re
fractive index points to some sort of crystallinity, and that's just what 
we found in spider silk-small crystallites embedded in a rubbery 
matrix of organic polymer. Somehow the spider had learned to man
ufacture a composite [two types of material in one], tluee hundred 
eighty million years before we decided composites would be all the 
rage1" 

As a metallurgist, Viney knew that this unusual structure must 
impart an equally unusual function. Sure enough, the stellar prop-
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erties of spider silk are enough to make materials scientists suspect 
typos. Compared ounce to ounce with steel, dragline silk is five times 
stronger, and compared to Kevlar (found in bulletproof vests), it's 
much tougher-able to absorb five times the impact force without 
breaking. Besides being very strong and very tough, it also manages 
to be highly elastic, a hat trick that is rare in any one material. If 
you suspend increasingly heavy weights from a steel wire and a silk 
fiber of the same diameter, their breaking point is about the same. 
But if a gale force wind blows, the strand of silk (five times lighter 
in weight) will do something the steel never could-it will stretch 
40 percent longer than its original length and bounce back good as 
new. Up against our stretchiest nylon, spider silk bungees 30 percent 
farther. 

This energy-absorbing elasticity comes in handy when moths 
and other "meals on wings" come hurtling into the web at top speed. 
Instead of breaking, the gossamer strands stretch, giving off most of 
their impact energy as heat. Fully spent, the web recoils so gently 
that it doesn't trampoline the moth back out. "None of our metals 
or high-strength fibers can come even close to this combination of 
strength and energy-absorbing elasticity," says Viney. According to 
Science News reporter Richard Lipkin, in a January 21, 1995, article, 
spider silk is so strong and resilient that on the human scale, a web 
resembling a fishing net could catch a passenger plane in flight1 

Another characteristic in silk's favor is its unusually low glass
transition temperature. This simply means that silk has to get very, 
very cold before it becomes brittle enough to break easily. In the 
frigid temperatures that parachutes encounter, for instance, spider 
silk would make ideal lightweight lines. Other uses for a fiber as 
strong as spider silk would be bulletproof fabrics, cable for suspen
sion bridges, artificial ligaments, and sutures, to name just a few. The 
question is, how would we go about packing so much function into 
such a small package? 

Spider silk begins as a pool of raw liquid protein sloshing around 
in a gland that Viney says looks like "the business end of a bagpipe." 
The raw silk (a liquid protein) travels from the gland to a narrow 
duct before being squeezed through one of the six spinnerets
minute groups of nozzles at the spider's back end. The miracle is 
that what goes into the spinneret as soluble liquid protein (easily 
dissolved in water), somehow emerges as an insoluble, nearly water
proof, highly ordered fiber. "It's enough to make a fiber manufac
turer very jealous." 
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Viney guessed that the raw silk somehow went through a liquid 
crystal phase just before squeezing through the spinneret. This would 
align the molecules and give them a jump on their ordering. To be 
capable of achieving the liquid crystal state, Viney figured, the sub
units-proteins-would have to be "anisotropic" in structure. "An 
anisotropic substance is one that has a definite directional order," 
says Viney. "The uncooked strands of spaghetti in a box are aniso
tropic. They look different depending on whether you are viewing 
them end on or from the side. The opposite of anisotropic would be 
an isotropic tangle of cooked spaghetti, which looks the same in all 
directions. Although most people thought soluble spider protein was 
isotropic, I was expecting to see anisotropic rods of some sort." 

One of the best tests for anisotropy would be to look at the raw 
silk under a polarizing light microscope, an instrument invented over 
one hundred years ago, which fewer and fewer people know how to 
use. Not only did Viney know the instrument, he had become some
what of an expert, even writing a modern-day manual on its use. 
"The polarizing light microscope uses the same principle as polarized 
sunglasses. Only instead of one filter, it has two-one cuts out every
thing except light vibrating vertically, while the other cuts out every
thing except light vibrating horizontally. For most objects, this 
accounts for all the light passing through, so you see only darkness 
in the scope. An anisotropic material, however, plays with the po
larization state of light.'' When Viney looked at liquid spider silk, 
especially at the edges of a slide where it was drying, he clearly saw 
light coming through the filters, a sure sign of anisotropy. "In fact, 
according to the patterns we saw under the scope, it looked to be a 
rod that was thirty times longer than it was wide." 

To check his hunch, Viney consulted the protein sequencing 
data published by Randy Lewis of the University of Wyoming and 
Dave Kaplan of the U.S. Army, only to meet with more frustration. 

Pop Beads and Slinkys 
The amino acid sequences of raw liquid silk didn't seem to corre
spond to any protein that would fold up into a rod. In fact, the 
repetitious sequences pointed to a protein that, while it was in the 
gland, was most likely to be tangled and globular, "like a ball of wool 
the eat's gotten hold of." The water-fearing amino acids in the chain 
were probably hiding in the middle of the ball while the water-loving 
amino acids hung on the periphery. This arrangement wouldn't 
change until the ball was physically sheared by the spinneret. 
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In a way, this made sense. Globular molecules floating in water 
would be a good way to store the protein in the gland. When the 
spider twisted and scurried through its days, the globules would sim
ply roll with the punches, and the spider didn't have to fear "be
coming constipated with its own silk" if the liquid protein somehow 
sheared into fiber form. But if there were only globular molecules, 
thought Viney, why was the polarizing light microscope showing 
undeniable evidence of rodlike structures? 

"The mystery unraveled for me when I attended a lecture by 
one of my colleagues in the bioengineering department," he says. 
The speaker was talking about actin, a protein that self-assembles to 
help form our muscles. Actin is essentially a globular protein, but 
the balls hook up to one another-like the baubles in a kid's pop
bead necklace-to form a chain. As Viney looked at the cartoon 
graphic, something breached and leaped from his subconscious. 

"There was my rod1" he said. 
Viney turns on his computer and we look at cartoon depictions 

of his evolving theory of spider silk formation. He now hypothesizes 
that the raw liquid silk leaves the gland and travels through a thin 
duct just before entering the spinneret. As it squeezes through the 
duct, water is wrung out of the protein and calcium is added. (Cal
cium is what allows actin globules to hook up, so Viney thinks it 
may also be at work here.) The globules hook up in a pop-bead 
necklace, making the solution one thousand times less viscous, be
cause the rodlike assemblies can now slide past one another. It's 
analogous to putting lanes of traffic on a highway sliding past one 
another, versus the mess that is a laneless, lawless Manhattan jam. 

Connected, aligned molecules are not only easier to push 
through the spinneret, they are also more susceptible to the shearing 
action that turns liquid protein into fiber. Because the globes are 
unable to roll out of the way, the squeeze through the spinneret 
disrupts the water-loving residues on their periphery, exposing their 
water-fearing parts . 

"These hydrophobic parts go 'ARRRGG1' and cluster together 
as tightly as they can," says Viney. They assume a zigzag shape, 
folded accordion-style into pleats. One pleated sheet stacks on top 
of another, as close as they can get to lock out the water. The water
loving portions of the proteins remain loose and curly at the edges, 
forming the springy matrix that the accordion crystal parts are em
bedded in. 

Viney's model has a pleasing simplicity and completeness: The 
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globular proteins line up into a pop-bead necklace, which squeezes 
through the spinneret to become a silk fiber. The final product is 
partly flexible and partly rigid, like a reinforced Slinky. The amor
phous part gives, but the stiff crystalline domains don't give. When 
the fiber becomes notched, a crack or tear gets interrupted by the 
crystalline regions and can't propagate. The model also explains why 
the material goes from being a soluble liquid to an insoluble fiber. 
Once the water-fearing portions of the proteins crowd together, they 
resist water, ensuring that the silk won't fall apart. 

Nevertheless, it's only a model, and some, like silk researcher 
Randy Lewis, don't agree with it. Lewis feels he has evidence that 
there are actually two proteins rather than just one that make up 
spider silk. "In the two-protein hypothesis, Viney's pop-bead model 
doesn't make sense," says Lewis. But other researchers, including 
Viney, are still not convinced of the existence of two proteins. While 
the jury is out and the debate is lively, all the investigators in spider 
silk research encourage one another to keep theorizing. When you 
think about what it could mean in terms of sustainable fiber manu
facture, this research, tough as it is, is definitely worth it. 

Consider: The only thing we have that comes close to silk in 
quality is polyaramid Kevlar, a fiber so tough it can stop bullets. But 
to make Kevlar, we pour petroleum-derived molecules into a pres
surized vat of concentrated sulfuric acid and boil it at several hun
dred degrees Fahrenheit in order to force it into a liquid crystal form. 
We then subject it to high pressures to force the fibers into alignment 
as we draw them out. The energy input is extreme and the toxic 
byproducts are odious. 

The spider manages to make an equally strong and much 
tougher fiber at body temperature, without high pressures, heat, or 
corrosive acids . Best of all, says Viney, spiders don't have to drill 
offshore for oil to produce the silk. They take flies and crickets at 
one end and process a high-tech material at the other end. 

If we could learn to do what the spider does, we could take a 
soluble raw material that is infinitely renewable and make a super
strong water-insoluble fiber with negligible energy inputs and no 
toxic outputs. We could apply that processing strategy to any num
ber of fiber precursors. Imagine what it would do to our fiber in
dustry, which is now heavily dependent on petroleum, both for raw 
material and processing] To break that dependency, says Viney, we 
have to become spider's apprentices. "If we want to manufacture 
something that's at least as good as spider silk, we have to duplicate 



13 6 I Biomimicry 

the processing regime that spiders use. We have to mix up a batch 
of precursor and duplicate the physical journey from the glands out 
to the spinnerets. It's that journey that helps impart a certain mi
crostructure to the fibers . 

"When we scale this journey up for industrial use, we have to 
be able to give the manufacturing crew exact specifications: what 
concentration of protein they should use, how big the rods in the 
liquid crystal should be, how much calcium they will need, how 
much water they should squeeze out, and how fast they should spin 
out the fibers to obtain a silk with desired properties . By tweaking 
any one of those variables, we may be able to customize the silk for 
different uses. For me, the processing is the really intriguing part of 
this story." 

· While Vin·ey works on scaling up the process, there are other 
scientists examining the protein precursors that will make all of this 
possible. Silk is after all a biological material-a protein that self
assembles, under a gentle shear force, into a fiber. The protein hunt
ers I visited are deep in the gland of the orb weaver, hoping to 
characterize the source of silk and find a way to produce it without 
Tiny's help . 

Silk Maneuvers 
When I first laid eyes on David L. Kaplan, it was in a photo, one of 
those rare shots that captures a person's essence. He was standing 
behind a glass case, peering not at the camera but at a six-inch-long 
orb weaver spider. His eyes absolutely shone with entrancement
like the eyes of a child at the zoo, staring through a window at an 
animal that is staring back at him. 

Kaplan is entranced for nearly fourteen hours a day, arriving at 
the U.S. Army's Research, Development and Engineering Center in 
Natick, Massachusetts, long before his employees arrive, and leaving 
long after they leave. "It's never a dull moment, " he tells me. "You 
learn one thing about nature, and you come up for air with ten more 
things to pursue. We are right on the verge of so much, so much 
that has no precedent.'' 

Kaplan is always on the move, usually trailing a person or two 
who wants to see him. He directs forty-five people in all (those I 
talked to rave about him) and is responsible for overseeing the tech
nical aspects of every study going on in the biomolecular materials 
department at Natick. One of his favorite projects is the quest to 
synthesize a gene for a silklike protein. 
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The army wants a fiber that protects better than Kevlar, and is 
willing to look to nature for it. They want it to be ethereally light, 
yet strong enough to bundle into cables for suspension bridges or for 
bungees that hook fighter planes as they scream onto aircraft carriers. 
And yes, they suppose it would be nice if its manufacturing process 
was environmentally friendly to boot. Kaplan explains how his team 
plans to deliver. 

"W e first had to find a way to efficiently remove the liquid 
protein from spider glands without it turning to silk, and we did, but 
this gave us only an infinitesimal amount. If we ever hoped to com
mercially produce this stuff, we knew we would have to take a ge
netic approach. 

"Our first shot out of the barrel was to isolate the full-length 
natural gene-the native gene. It's a whopping nine to ten kilobases 
[a kilo base is a thousand DNA subunits strung together] and a night
mare to work with because it's highly repetitive and prone to dele
tions and recombinations when it's expressed by E. coli. We're still 
doing some work on the wild gene, but we realized we'd increase 
our chances of producing some kind of silk precursor if we also tried 
to synthesize a simpler gene on our own. 

"The techniques are not there yet to synthesize a DNA frag
ment as long as the natural one. Instead, we could only hope to 
synthesize a small DNA fragment [with an oligio machine], multiply 
it, and glue those fragments together with ligases [enzymes that help 
the fragments to combine] . Deciding which part of the long genetic 
sequence to choose for synthesizing-that was a very educated guess. 
You learn what you can, and ultimately you go with your gut, and 
that's where science turns to art. We were also guessing when it 
came to the different ways we glued the DNA fragments together. 
We matched the codon preferences for E. coli as best we could and 
then we started the arduous part-trying to coax E. coli to accept 
our homemade DNA and make the protein for us. 

"To make a long story short, it worked. E. coli expressed the 
protein, giving us something to test and learn from. We want to see 
what properties it has, and then figure out why: What is it about 
this amino acid sequence that might have given rise to these prop
erties? What we're searching for is some correlation between the 
structure of the protein-how its amino acids are arranged-and its 
function. We're after some rules of thumb. Ultimately, we'd like to 
be able to tell a fiber designer, if you want resilience, try this re
peating sequence of amino acids followed by that repeating se-
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quence. Slowly but surely, we're building an information infrastruc
ture-a knowledge base that will allow us to make materials the 
way nature does. What we learn from spiders will be helpful for 
any polymer processing. We're not the only ones by any means 
Randy Lewis is working with the wild gene out your way," h~ 
tells me. 

In the windy town of Laramie, Wyoming, Randolph V. Lewis has 
the sequences to what he believes are two proteins at work in the 
spider's gland. His team at the University of Wyoming used genetic 
engineering "probe" techniques like those used on abalone shell to 
isolate portions of the two genes that cod for the thread-producing 
proteins. They then inserted these gene fragments (each representing 
only about one third of the real genes) into E. coli and successfully 
expressed proteins. "We even processed them into fibers, but they 
didn't match the qualities of dragline silk. Our truncated genes were 
obviously missing something important." Now Lewis's team, like 
Kaplan's, is working to synthesize a gene that may come closer to 
the qualities materials scientists are looking for . 

Lewis is applying for grants that will allow him to analyze dif
ferent kinds of silk from different kinds of spiders, hoping to learn 
more about the structure-function relationships Kaplan talked about. 
He, too, is trying to come up with the ultimate cookbook that will 
allow fiber manufacturers to look up the properties they want in a 
silk protein, then find the amino acid recipe for those properties. 
Want a better fiber? Start with a better protein, and template your 
fibers to taste. 

Lewis's foray into different spiders and different silks makes me 
wonder whether we are studying the best possible models. All of our 
current knowledge comes from studies of only two kinds of threads 
spun by fewer than fifteen species of orb weavers, a subset that 
makes up only one third of all thirty thousand described spider spe
cies. Is an even better prototype waiting out there somewhere? 

Back in Seattle, I pose this question to Christopher Viney, whose 
normally cheerful, mischievous face clouds. He thinks carefully. As 
in all of biology, model systems are chosen because they are easy to 
work with, he explains, and to some extent because other people 
have already set the track for you. But yes, there probably is a 
stronger, tougher, stiffer fiber being produced right this minute by a 
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spider that we know nothing about. A spider whose habitat may be 
going up in smoke. 

"And do I feel an urgency to learn what I can before these 
p1odels go extinct?" he asks. He looks around his office, out the 
window, and after a while, back at me, as serious as I've yet seen 
wm. "Well," he says, in that way the British have of retiring from 
a topic. "1 suppose it won't hurt to have my metallurgy wait a few 
rnore years." He stands and I stand, and for the first time all day, we 
check the clock. 

Horns for the Rhino's Dilemma 

With species like the rhinoceros, the countdown to extinction is not 
just speculation-it's an ongoing spectacle. There are only 2,300 
black rhinos in all of Africa, down from 65,000 as recently as 1970. 
Zimbabwe's wild population, thought to be 1,400 in mid-1991, is 
down to a shocking 250 animals. Asian rhinos are faring no better. 
The Sumatran rhino population has been cut in half in the last ten 
years, with numbers now totaling fewer than 600. 

The reason rhinos are in decline is because of the five to ten 
pounds of protein that shapes itself into a horn (or two) protruding 
unicorn-style from the rhino's head. Poachers risk being shot on sight 
to kill a rhino, but if they can get the horn and get away, they earn 
an amount equal to a year's wages. The horn lords reap the real 
money, though-they sell the horns on the black market for tens of 
thousands of dollars each. Half of the horns used to go to the Middle 
East, where they were crafted into dagger handles that Yemeni men 
strapped on during their ritual initiation into manhood. A single dag
ger may have cost $30,000, but the status conferred on the man who 
wore it was deemed worth the price. These days, most horns find 
their way into Eastern medicines. Rhino horn powder is thought to 
cure stomachaches, skin blemishes, a lackluster libido, and even, pur
portedly, a lousy singing voice. 

Although legal sales have diminished since the 1977 international 
ban on sale of rhino horn (CITES), rhinos continue to be killed and the 
horns bled off slowly to the black market. Poaching has gotten so bad 
in Namibia that officials began a dehorning program, sawing off the 
trophy as a way to spare the animals' lives. Perversely, the slaughter 
continues, this time with dehorned rhinos. "What we now think is 
that the horn lords are hoping to see the rhinos go extinct, which will 
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increase the value of their stockpiled horns," says Joe Daniel, a rhino 
researcher at Old Dominion University in Virginia. 

I traveled to Old Dominion because I had heard that Daniel, a 
zoologist by training, had teamed up with a metallurgist named Ann 
Van Orden, and they had a plan to help stop the slaughter. It would 
be biomimicry at its best. 

What the world needs, say Daniel and Van Orden, is a facsimile 
rhinoceros horn that is inexpensive to make. "Flooding the market 
with this horn, identifying it as a facsimile and hoping to get other 
cultures to accept it-that may be our only option. Or rather, the 
rhino's only option. If we work it out so that horn lords are able to 
make a profit in volume selling, they may decide it is no longer worth 
their while to risk the poaching." 

History bears them out. Whenever we have given people con
vincing substitutes for a coveted material, it has helped to conserve 
the original. Rubber trees were not so heavily tapped, for instance, 
nor pearls so voraciously fished, after artificial substitutes became 
available. The key is to offer a duplicate material tha~ is almost as 
lustrous, almost as rubbery as the real thing. The lowe~ price speaks 
for itself, and in the process, native organisms are freed from our 
hungry grasp. 

But rhino horn is an especially tough case for mimickers. Haloed 
as it is with magical and medicinal qualities, consumers are loath to 
accept any substitutes. When I asked what the horn is made of, Ann 
Van Orden drummed the table with her fingernails. "It's keratin
the same tough, fibrous protein that's in your fingernails and your 
hair. There's absolutely no proof that rhino horn can do what it's 
touted to do, no more than your ground-up fingernails could. It's not 
the keratin itself, however, but the unique way that it's structured 
that gives rhino horn its coveted strength and luster. If we could 
induce keratin to self-assemble into that structure, we'd have the 
viable substitute we need." 

The two collaborators who hope to pull this off met serendip
itously when Van Orden's husband, a physicist at Old Dominion, 
came to Daniel's brown-bag seminar on infrasound and rhinos. When 
Daniel mentioned he needed some help. preparing samples of rhino 
horn for the microscope, Ann's husband suggested her for the job. 
Van Orden picks up the story: ''I was working at Langley Research 
Center at the time studying corrosion, and needless to say, rhinos 
were not in my annual work plan. So I code-named my folder 
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Rufus (the name of the bull at Virginia Zoological Park who had 
donated a broken-off piece of his horn) and kept it to myself." 

At lunch, Van Orden lowered an unpolished chunk of Rufus's 
horn into my palm. "Be careful," she joked. "What you're holding 
is worth about ten thousand dollars." At the fractured edge, I could 
see fibers called spicules sticking out. They were tipped with points 
at each end, like porcupine quills. "This is an ingenious design. As 
one of those spicules tapers to a point, it makes room for another 
tapering spicule to take off. In this way, the fibers are interdigitated, 
and that's why you see a zigzag break when the horn breaks-some 
points are sticking out, some holes are left behind.'' 

But where's the hair? I ask her. In almost every book I'd read 
(and one that I'd written), rhino horn had been described as bundles 
of hair tightly packed together. She smiled. "I know, but that's not 
what I saw when I sectioned it." Chances are, no biology department 
had ever sectioned and prepared the horn for microscopy in exactly 
the way Van Orden did. She treated it as she might a piece of metal 
that had corroded. She sawed a cross-sectional slice and sanded it, 
starting with 300-grit sandpaper, working up to 1,200-grit, and fi
nally polishing it to a scratch-free finish with a diamond slurry and 
an alumina polish. She then examined it under a polarizing light 
microscope (the type Viney used on spider silk) as if it were a piece 
of metal. A color photo of her cross section was hanging in her office 
with a blue ribbon on it, having won first prize in Polaroid's science 
photography contest. 

The horn was indeed beautiful in cross section. It was as if some
one had taken a bundle of solid, copper-colored quills and cut across 
them, leaving a landscape of what looked like cells. The softer cen
ters of the spicules had given way under the sander, leaving little 
concave depressions in the middle of each cell. As Van Orden ex
plained, the concave depression is the central core of the spicule; 
that core is a fiber that grows from a follicle at the base of the rhino's 
horn. Around this core, keratin-producing cells-now dead, flat
tened, and cornified like skin cells-lay in concentric fashion, looking 
like growth rings on a tree trunk. They produce what amounts to a 
hard, multilayered keratin sleeve around each fiber. Around the out
side of this sleeve, there's another kind of keratin, also fibrous, that 
serves as the matrix or mortar between the spicules. Despite what 
all the textbooks said, the horn was not hair at all; it was a composite 
made of two forms of keratin in the same material. 
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When Van Orden looked at the magnified horn slice with her 
materials scientist eyes, she immediately recognized the pattern: "It 
looked just like the graphite-fiber-reinforced composite we use for 
the skin of the Stealth bomber] You take graphite fibers, which are 
very stiff and inflexible-they break before they bend-and encase 
them in a resin which is flexible-it bends before it breaks. You wind 
up with something rigid but very tough to break. That's why com
posites are so wonderful; they add up to something more than the 
sum of their parts." 

Besides the Stealth bomber, graphite-reinforced composites are 
also used in the masts on America's Cup sailboats, the bodies of 
Formula One race cars, high-end guitars, tennis rackets, and Boeing's 
new lightweight 777 airplane, which will fly farther and faster on 
less fuel. "In engineering this composite, it seems we've coevolved," 
says Van Orden. ''We've invented something nature has already been 
using for sixty million years." 

Next she showed me a picture of another kind of composite
silicon carbide fibers embedded in aluminum oxide (a !ceramic ma
trix)-and pointed out the differences. "We make this composite by 
laying fibers down by hand and then putting a block of ceramic on 
top. We combine the two under pressure and heat, so the ceramic 
resolidifies in and around the fibers. We have to be careful to keep 
the fibers a certain distance apart, though, because if they diffuse 
into one another under those extreme conditions, the resulting com
posite is not as resistant to breakage.'' 

Because our heat-and-beat processing doesn't lend itself to that 
level of control, we can't optimize the way nature can. The rhino's 
horn, which self-assembles from within, has densely packed spicules 
that are carefully spaced and not touching. This better ''packing 
density" makes for a tougher horn. Matrix and fiber are also chem
ically similar, and consequently are able to bond well at the inter
faces. 

Another difference between our composite and nature's is in 
the shape of the fibers. In cross section, the synthetic fibers in the 
carbon-graphite composite are uniformly round, while the rhino fi
bers vary in size and shape. What does remain uniformly thick 
throughout is the mortar-the keratin matrix. 

"Again, this makes great sense from a materials science point of 
view," says Van Orden. "It may be that a certain thickness of matrix 
has to be there as a buffer against insults. If the fibers were abutted 
together without a buffer, and you broke one, you could break them 
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all.'' This way, the keratin matrix acts like the mortar in abalone 
shell; it interrupts cracks coming from the side, and the stress is 
redistributed, giving the horn torsional strength. 

But what does this design buy the rhino? Daniel tells me that 
cow rhinos wave, joust, and stab with their horns to protect their 
calves from attack. Bulls use it to drive off interlopers in territorial 
disputes, and all rhinos use it for digging in the ground. To be able 
to do all this, rhino horn has to possess strength when pushed from 
the tip as well as from the side. This head-on strength is called com
pressive, and building a spicule shaped like a porcupine quill is a 
great way to achieve it. Van Orden shows me a close-up of a horn 
fracture, in which the tips of the quill-like spicules are all bent. 
"Here's where the compressive strength comes in-instead of being 
flat topped, and taking all the pushing energy directly, it's tipped 
with a point. The point simply bends or breaks, but doesn't transmit 
the load all the way down. There's a lesson we should apply right 
now to our composites, which are rarely blessed with both com
pressional and torsional strength.'' 

What has Daniel and Van Orden really excited is a third trait 
of rhino horn that our materials don't possess-the ability to heal. 
The evidence of self-healing was hiding in the beautiful Polaroid 
picture. "If you look closely, you'll see a crack that has infilled with 
polymer, essentially healing over," says Daniel. "But as a biologist, 
I considered this impossible, because as far as we know, there are no 
living cells in the horn-only dead tissue. Or so we thought. The 
idea that there might be something alive in the horn opened the 
possibility that we could take a sample of those cells and try growing, 
through tissue culture techniques, a horn in vitro." 

In search of living cells, Daniel went to an exotic-animal breed
ing facility in Texas to perform a needle biopsy on a rhino. "The 
veterinarian agreed to call me when he was going to do a checkup, 
because they don't like to anesthetize the animals very often. I flew 
down there, took the horn sample, and then placed it into a liquid 
growing medium. If keratinocytes [cells] had been present, they 
would have grown out into that medium. Unfortunately, that didn't 
happen. Now I'm waiting for another rhino to need its shots so I can 
fly down for another biopsy." 

In the meantime, Daniels and Van Orden are investigating other 
options for making a horn facsimile. "Say the healing isn't caused by 
living cells," says Daniels. "Say instead that the material for the in
filling is cannibalized from somewhere nearby. Say a portion of the 
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horn depolymerizes [breaks down into its building blocks], flows to 
the crack, then repolymerizes to fill in the gap . That got us think
ing-maybe we could do something similar. Maybe we could de
polymerize rhino keratin and induce it to reassemble around a core 
of rhino hair." 

Daniel's idea is to practice on something like horsehair. Horses 
have two types of hair-the rough tail hair that is used for violin 
bows, and the softer hair of the coat. First he would depolymerize 
the coat hair into a liquid, then lay the tail hairs side by side in the 
liquid solution and put it under pressure. The keratin would, it's 
hoped, polymerize around the nucleus of the larger fibers, forming 
connectors that gather all the hairs together. 

The same sort of technique is already being done with bone, 
says Van Orden. "A dental surgeon can take bone and treat it so 
that just the hydroxyapatite is left. To build up the jawbone foun
dation beneath an implant, for instance, they'll cut open a patient's 
jaw and put in this hydroxyapatite. When the person's bone cells 
come in contact with this hydroxyapatite, they say, 'Hey, we forgot 
to calcify this~' and they'll make new bone in that spot. We're hoping 
that our liquefied horsehair cells might see the tail hairs and say, 
'Oh, hair tissue. We forgot to gather all this together.' If it works 
with horsehair, we'll do the same thing with rhino keratin-we'll 
provide the hair, the keratin, and the right conditions and say, 'Struc
ture yourself~' " 

Although it seems like a blue-sky idea to grow rhino horns from 
scratch this way, it may not be. "Heck," says Van Orden with her 
trademark enthusiasm. "If you told us thirty years ago we'd be put
ting graphite fibers in a resin matrix, it would have seemed far
fetched. Today we 're playing doubles tennis with composites like 
this." 

Thirty years ago, there were many, many more rhinos than there 
are today. No matter how far-fetched or whatever else may come 
from this research in terms of composite innovations, any attempts 
to stop rhino slaughter will be well worth the effort. In fact, it's one 
of the best uses of biomimicry I can imagine. This time, we're learn
ing to imitate an animal not to save ourselves (directly) but to save 
another species from "an end to birth." It's biomimicry come full 
circle, a glimpse of the good we could do with this new science if 
we choose to. 

That sets me thinking about which agencies, or which founda
tions, have had the foresight to sponsor this type of research. When 
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I ask Daniel and Van Orden, they lock eyes across the table and 
simultaneously make the hand sign for zilch. Their rhino horn work 
bas received no official funding. For now, their quest is a labor of 
love and conscience, a pro bono for Rufus and the thinning herds 
whose horns alone, strong as they are, cannot protect them now. 


