Synthetic Spider Silk

Abstract
Spider silk is extremely strong and tough and could improve upon materials currently in use if it could be reproduced in a laboratory, in large quantities.  For its weight it is stronger than steel, and unlike high performance petroleum based fibers currently produced, it is made in an environmentally friendly process from a water-based solution.  Knowing the protein structure and how a spider’s spinneret works will help scientists create synthetic silk.  Synthetic proteins are currently being produced in a variety of genetically altered organisms, and companies and universities alike are investigating spinning processes.  
1. Introduction

Engineers are always looking for and trying to develop new materials that are stronger, or lighter, or tougher than materials currently in use.  One such material has been found, not in the laboratory, but in nature.  That material is spider silk.  There are over 34,000 known species of spider, and each one of them makes its own silk, some even make more than one kind [20].  Spiders have been making silk for 400 million years [8], giving evolution plenty of time to refine the silk and the silk-making process. Orb weaving spiders have been around for about 120 million years [15] and have developed silk for the specific purpose of stopping aerial missiles – the flying insects that are the spider’s food source.  An orb web is probably familiar to most people by its shape, if not its name.  It is a circular shaped web, with the radial threads of the web connected by threads spun in a spiral shape so that the finished web looks like a circular net.  Dragline silk is used as the spokes of the web and as the spider’s safety line that it spins to break a fall if, say, the spider jumps out of a tree to avoid a predator.  The dragline silk of the golden orb weaver (Nephila clavipes) is one of the strongest silks and one of the most studied [12].  This is the kind of silk that will be discussed for the rest of this paper.   

1.1   Material Properties

Dragline silk of the golden orb weaver has an elastic modulus that ranges from 10-50 GigaPascals (GPa), elongation to break of 10-30%, and tensile strength of 1.1-1.4 GPa.  These values depend on strain rate [1] and can also vary with environmental conditions.  Silks differ depending on such things as the temperature when the silk was spun, the spider’s diet and the speed at which the thread was spun  [8].  The tensile strength is about the same as  typical values for high tensile engineering steel, but silk has lower relative density than steel (1.3 vs. 7.8) and in weight comparison is much stronger [8].   Although silk begins as an aqueous solution, once the silk leaves the spider’s spinneret it is insoluble in water, dilute acids and bases.  It can be dissolved in 9 M lithium bromide and concentrated formic acid [2].  Silk exposed to water can shrink to less than half of its original length and will take on rubber-like qualities [1].  

1.2 Benefits

Spider silk offers improvement over current materials not just because of its strength but for environmental reasons as well.  Silk is made completely of proteins, so it is biodegradable, and it is spun in an environmentally friendly process at ambient temperatures and pressures, from a water-based solution.  Other synthetic, high performance fibers are petroleum based and made in processes that require potentially dangerous chemicals.  Kevlar, for example, has to be spun from near boiling sulfuric acid [12].  

1.3 History

The idea of using spider silk is not new.  Ancient Greeks used cobwebs to stop bleeding.  Australian Aborigines used the silk of a giant spider as fishing line because the fish would become tangled up in the sticky thread.  In 1709 a French naturalist, Rene-Antoine Ferchault de Reamur, was asked by the government to find some uses for spider silk.  He collected silk from egg sacks, hoping to make gloves and stockings, but discovered it took too many spiders to get enough silk.  Later in that same century, another Frenchman tried to raise spiders and found that the spiders can’t live in close quarters, as they are territorial and have cannibalistic tendencies. Around the late 1860’s or early 1870’s, Burt G. Wilder, an American civil war surgeon, built a contraption to hold the spiders still while silk was being extracted from them.  The most silk he claimed he ever collected from one spider was 150 yards. He gave up on gathering the silk because too many spiders were needed to get a sufficient amount.  He figured it would take about 5000 spiders to make enough silk for a dress.  And prior to WWII spider silk was used as the cross hairs in optical devices, such as guns, telescopes and microscopes [7].  

1.4 Applications

People have known about the extraordinary properties of spider silk for a long time, but there were few applications.  The territorial behavior of spiders makes them impossible to farm the way silk worms are.  Today, with advanced imaging techniques, gene sequencing and engineering technology, we know how the spider makes silk and what the silk is made from.  Technology may also offer the chance to recreate spider silk in the laboratory in large enough quantities for industrial use.  Although there is not currently enough spider silk available to make anything out of it yet, that hasn’t stopped people from dreaming of the possibilities.  Spider silk could be used in the medical field for surgical sutures and artificial ligaments and tendons.  It could also be used for soft body armor, ropes and nets, oxygen-permeable contact lenses, biomaterial membranes, parachute cords and even tethers for planes on aircraft carriers [3,7,13].  

To test the possibility of using spider silk for surgical sutures, silk was implanted subcutaneously in pigs.  Within 2 weeks all the wound sites healed well, and few showed any inflammation [11].  It appears that silk does not cause any kind of violent reaction when implanted in other tissue.  
2.  Natural Silk

In order to realize these possibilities, large quantities of silk would be necessary.  That means making spider silk synthetically.  The first step in creating synthetic silk is to understand how the spider makes its silk.

2.1  Thread Structure
Silk is a composite material of two or more proteins.  Dragline silk, specifically, has two main proteins [10].  The individual threads are made up of thousands of smaller filaments.  The proteins that constitute the filaments are made of non-essential amino acids, mainly glycine and alanine, in long, repetitive chains [8].  These proteins will link together and line up side by side, like logs for a raft [15].  Alanine and glycine, which together make up 50-70% of all the amino acids in dragline silk, are two of the smallest amino acids, and their size lets these proteins pack closely together and form small crystal segments, called (-sheets [12]. The size of the (-sheets depends on how fast the spider spins the thread.  When the tread is spun slowly, there is time for larger crystals to develop [9].   

The filaments actually have three parts: the (-sheets, flexible chains and amorphous background material [7]. The (-sheets are thought to be responsible for the strength and stiffness, while the amorphous region gives the silk flexibility.  The flexible chains hold the (-sheets and the background material together [6].  Among the filaments, there are fluid-filled channels that are thought to help distribute the tensile force and keep cracks in the thread from growing large enough to cause failure [15].

2.2  Spinning

The spider’s spinneret is made of hundreds of tubes coming from the silk glands.  The glands are called major ampullate and minor ampullate, and the number of glands the spider has varies with species [7]. Dragline silk can contain silk from both the major and minor ampullate glands [12].  Along the walls of the individual glands are cells that secrete the silk proteins in a watery solution.  This solution is funneled into a long looping duct that progressively narrows as it folds into an S shape [11,15].  The proteins begin to line up in the direction of their flow and make the transition to the liquid crystalline state [15].  This liquid crystalline phase is characterized by axial alignment of polymer chains that are still soluble in the aqueous solution [13].  This means that the silk solution will flow, but will also keep its molecular alignment.  The duct ends in a structure called a valve. The valve squeezes the silk, providing shear stress, actually working more like a ratchet than a valve as it advances the thread on to the next region, the tapering duct [11].  In the tapering duct the silk thread is stretched very thin and bathed in acid to remove water [15].  The thread then exits the spigot, and a little more water is lost to evaporation once the silk is exposed to the air. The silk moves through these ducts at an almost constant rate.  This ensures that only low, uniform stresses are generated and that no lumps that would cause stress concentrations are allowed to form in the silk thread.  [8].

3.  Synthetic Silk

Knowing both the structure of silk and the process employed by the spider to make silk,  scientists are on their way to making synthetic silk.  The next step is to manufacture large quantities of the proteins.

3.1  Protein Synthesis

For protein synthesis several host organisms have been genetically engineered, with varied success.

3.1.1    Bacteria

Both E.coli and yeast have been engineered to make silk proteins.  This method really doesn’t work very well, as the proteins tend to be unstable and yield is low.  The engineered proteins from both the bacterium are unlike the proteins produced by the spider, in their repetitive nature and in the way they are coded [2].  Few of the proteins E.coli makes naturally are longer than 1000 amino acids, silk proteins are many times  longer than this [3].  The best yield achieved with E.coli was 25-40mg per liter of cell culture.  The yeast's yield was a bit better, at 1g/L [1].  The silk proteins produced in the yeast were also more stable than those in E.coli.  Scientists were able to get proteins of over 3000 amino acids produced in yeast [3].  While neither of these methods would work for industrial scale production, the proteins created are large enough for scientists to attempt to spin them.

3.1.2  Plants

Stable synthetic proteins can be produced in the leaves of tobacco and potato plants.  The best production was greater than 2% of the total soluble protein.  The proteins are relatively easy to extract from the plants, and plants are cheaper to grow and maintain than bacteria (yeast and E.coli) [14].  The plants all looked normal and had normal growth.  The production of these plants is difficult to compare with that of the bacteria, however, the plants do offer a stability and ease of separating the proteins that improves upon the bacterial technique [14].

3.1.3   Goats  

A company called Nexia Biotechnologies is working with goats to produce silk proteins.  There are actually anatomical similarities between the goat’s mammary glands and the spider’s silk gland.  They’ve been able to produce stable proteins in the goat milk, although they don’t say how many grams of silk protein the goats are able to produce in a liter of milk [3]. Some say that the goats may produce 2-15 grams of protein per liter of milk, but this number may only be what Nexia hopes to achieve, not what the goats are currently producing.  

3.2   Spinning attempts

Once the proteins can be synthesized, scientists can attempt to spin them into threads.  Because competing companies and universities are still developing this technology, the most recent attempts and methods of spinning silk have not been published in reports.  Cornell and Du Pont have both published papers about past spinning attempts.  

3.2.1  Cornell University  

Scientists at Cornell University tried to spin spider silk in 1998. To get silk proteins they collected natural silk and dissolved it into solution.  The spinneret consisted of a silicon wafer with a square hole in it, held in place by a stainless steel jig that a syringe, filled with the silk solution, could be attached to. The regenerated fibers had an average diameter of 40 microns ((m), much larger than the 2.5 -4.0 (m diameter of natural silk.  Few (-sheets formed in the recreated silk, making the silk very brittle. After the silk was treated with water the (-sheet concentration increased 3 fold due to the silk’s shrinking in water, to a concentration close to that of natural silk.  They had not yet tested the water-treated fibers at the time the paper was written. This was a crude attempt but was the first time that wet-spinning of spider silk had been attempted [6].

3.2.2   Du Pont

Du Pont is working on synthetic silk as well and in 1998 published a report about silk they had spun.  Their fibers contained only one of the two main proteins that make up dragline silk.   While the molecular orientation of the synthetic silk was similar to that of natural silk, the crystal regions in the synthetic silk were larger and farther apart than in natural silk.  The synthetic fibers had lower strength, in part due to the larger crystals and also because only one silk protein was used  [4].  Du Pont did not go into detail about their procedure or the material properties of their fabricated silk.  This report does shows that Du Pont thinks that synthetic spider silk is a worthwhile endeavor and that they did, and presumably still do, have access to enough silk proteins to spin threads.

3.2.3 Nexia

As of January 2002, Nexia had gotten a sufficient amount of silk protein from genetically  altered cows to try spinning silk thread.  They sent the proteins to the U.S. Army Soldier Biological Chemical Command, where a spinning technique had been developed.  The technique was similar to that used at Cornell, with the silicon wafer being replaced with a tube.  The thread diameter was between 10 and 40 (m, it was more elastic and not as strong as real spider silk, but Nexia is on its way to mimicking real spider silk [16].

4.  Conclusion
There is competition among researchers and companies working on synthetic silk.  Nexia and Du Pont do not publicize how close, or far, they are to perfecting the process to create spider silk in the laboratory.  Both companies want to be the first with a final product ready for sale, and so won't chance giving away any information that might be used by a competitor.  Various universities and companies hold patents on the protein genes, synthesis techniques and spinnerets in development, so its not easy to know many details about the current status of synthetic spider silk.  But with all the work being done the silk could quite possibly be in mass production in the near future. 

The specific applications of this material are only speculation right now.  But having an extremely strong, light weight, biodegradable fiber made from renewable resources would not only make things used in everyday life stronger and safer, but would also benefit the environment.   We know about the damage that can be done to the environment in the name of scientific progress and technological advancement.  Creating synthetic spider silk is an opportunity not only to advance science but to be environmentally responsible as well.  This is one case where human knowledge must try to catch up to nature's technology.  
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