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ABSTRACT: The characterization of silkworm and spider silk from nanometer to micrometer scale by atomic
force microscopy reveals similar design principles despite the distance of their spinning organisms in evolutionary
terms. Nanoglobules are the basic microstructural blocks in both materials, but this common microstructural
design is tuned to fulfill the biological function of each silk. Spider silk nanoglobules are isotropic, and its size
varies during stretching. Silkworm silk nanoglobules are anisotropic and loosely aligned with the fiber axis. The
combination of our results with previous data on the structure of silks at a molecular level allows a model of the
supramolecular organization of both silkworm and spider silk to be proposed. The detailed characterization of
the microstructure of natural silks should contribute to the development and production of a new family of
bioinspired fibers.

1. Introduction artificial. The only microstructural detail of spider silk that has

Silks spun by arthropods constitute a group of materials with €N firmly established is the presencefiaficrocrystallites
exceptional mechanical propertiesvhich are expected to be at.the molecular level. Some s'gudles have proposed ananoflbrllar
the basis of a new family of high-performance artificial fibers. mlcrostrgctur()el;(l)I MAS, mainly from low-resolution AFM
The exceptional properties of silks are firmly based on protein OPServations>**i#but this hypothesis has been disputed by
sequences, whose exquisite adaptation to their function is €XPerimental results obtained with other technicifes.
indicated by the conservation of their main motifs in related ~ From the point of view of its composition, MAS shows
species for hundreds of millions of ye&fsand by the significant differences when compared to silkworm silk. In this
homologies in the sequence of silk proteins which surged from respect, MAS is composed of two protefhspidroin 1 and
independent evolutionary everit3hus, it has been found that ~ spidroin 2, and both proteins are believed to contribute to the
the sequences of both silkworm silk and major ampullate gland mechanical properties of the fiber. Spidroin 1 presents three
spider silk (MAS) proteins show repeating motifs that, albeit main motifs frequently repeated along its sequence: polialanine
different, share the ability to forp3-microcrystallitest.” runs, A (n = 5-8), GGX motifs (X= Q, L, or Y), and GA

Silkworm silk is made up of a core composed of two proteins Motifs. Spidroin 2 also presents three motifs: polialanine runs,
of the fibroin family and by a coating composed of proteins of GGX motifs, and GPG motifs. Polialanine runs and GGX motifs
the sericin family. The fibroins of the core are labeled as heavy are found in both proteins, although the latter is rarer in spidroin
chain and light chain according to their molecular weights, and 2. The polialanine runs of both proteins pile up to fofin
it is assumed that the heavy chain is responsible for the microcrystallites.
mechanical properties of the core and of the fiber as a whole.  The mechanical behavior of MAS also differs from that of
The sericin coating acts as a glue and maintains the structuralsilkworm silk: MAS is more compliant and can sustain repeated
integrity of the cocoon but makes a negligible contribution to cycles of stretching and recoveYyRecovery of irreversibly

its mechanical properties. stretched MAS depends on the supercontraction effeat,
The entire sequence of fibroin is knowfribroin heavy chain reduction of the length of the fiber down to 50% of its initial
shows frequent repetitions of the mottGAGAGS— that form length when unrestrained and submerged in water. The super-
B microcrystallites in the fibef.The size of the3 microcrys- contraction effect has been used to develop technigues to modify
tallites has been determined by X-ray diffraction, and a value the tensile properties of MAS fibers in a controlled, reproducible,
of 21 nmx 6 nm x 2 nm has been reportéd’he microstruc- and reversible wa}® Such procedures are based on the

tural characterization at the submicron scale has yielded evidencalependence of the tensile properties on the alignment of the
of a nanofibrilar structuré®-12 although the inner organization silk proteins. The two extreme states of alignment in MAS fibers
of the nanofibrils has not been described. are labeled conventionally as forcibly silked (FS; corresponding
In contrast to silkworm silk, the biological function of the to maximum alignment) and after maximum supercontraction
silk produced by the major ampullate gland of spiders (MAS) (MS; corresponding to minimum alignmerif).
in the structure of the web and as a safety line does not require  pespite the identification of th@ microcrystallites at the
a high elastic modulus but depends on its ability to sustain large molecular level, the task of identifying the microstructural
strains at high stresses and to dissipate most of the mechanicaprganization at the nanometer scale has remained elusive,
energy required for its deformation. Precisely, the combination aithough it is a critical step to understand the relationship
of tensile strength and strain at breaking endows MAS with petween the sequence and the macroscopic properties of silk,
the highest work of fracture of any material, either natural or and it should allow to guide the spinning of artificial fibers
bioinspired in natural silks. We have used atomic force
* Corresponding author. E-mail: melices@mater.upm.es. microscopy to obtain high-resolution images of spider and

10.1021/ma0704780 CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/26/2007



Macromolecules, Vol. 40, No. 15, 2007 Organization of Silkworm and Spider Silk5361

SILKWORM SILK

[\
SN — —FRER RS - — -

T

or | ResN_|
501
o 40 FIBROIN
g [ LONGITUDINAL
E -

50 150 250 350 450 650 6RO FR0 8BS0 950 1060

SIZE, {nm)

120~

100
o
g wr
g o
“ w0 FIBROIN

0 TRANSVERSE

4] 4

U ) + + 4 + 4 i
50 150 250 350 450 550 660 VRO 8BS0 950 1080
SIZE, (nm)

Figure 1. AFM image (4um x 4 um) of the longitudinal section of a silkworm sillBoémbyx moji silk fiber showing the fibroin core and the

sericin coating. The macroscopic axis of the fiber lies along the horizontal axis of the image as shown in the scheme chart. The sizes of the
elongated microstructural details in the longitudinal (parallel to the fiber’'s axis) and transverse (perpendicular to fiber's axis) directimwsrar

as histograms. Their mean valugsstandard deviation are 6GB 200 nm (longitudinal direction) and 98 30 nm (transverse direction).

silkworm silk from the nanometer scale to the micrometer scale reckoning the maximum length between the glued ends of the fiber
for the first time. It has been found that, despite the differences with no force exerted on the fiber.

in both sequence and evolutionary origin, both materials share Fibers from at least two different specimens of each species were
a common nanoglobular organization, which is adapted to the used in this study. Fibers were stained with Richardson methylene
expected biological function of each silk: a stiff fiber that blue to facilitate (.:utting,.sir)ce the Iovy contrast between the fiber
protects the pupa during metamorph@&s{silkworm, Bombyx and the embedding resin in the optical microscope represents a
mori, silk) and a fiber that sustains large strains and dissipates Major difficulty during the preparation of longitudinal samples by
most of the mechanical energy used in its deformation as ultramicrotomy. Staining proceeded by covering the fiber with a

. . L . . drop of methylene blue, heating at 80, and washing gently with
required by its function in the web and as a lifefii¢spider water when the drop was observed to dry. The fiber was kept taut

silk). and their ends secured during staining, since it has been found that
. . the properties of silk fibers are not affected by immersion in water
2. Experimental Section and subsequent drying under these conditté@tained fibers were
Silkworm silk fibers were retrieved by forced silkidgB. mori embedded in Spurr’s resin and allowed to cure for 72 h at@0

silkworms were reared to the fifth larval stage on a diet of mulberry The function of Spurr’s resin is to serve as mechanical support to
leaves. Immediately after they stopped feeding, they were subjectedthe fiber durlng_ the ultramicrotomy step. The low |nf|Itrat|on_ ablllty

to constant surveillance to detect the onset of cocoon spinning. ©f Small organic molecules such as ethanol and acetone intd silk
When silk was first observed, the worm was placed on a black further suggests that the resin does not penetrate in the_flber and,
surface and allowed to spin a short length of fiber. The spun fiber consequently, does not modify the microstructure of the fiber. The
was grasped with tweezers and reeled from the worm by hand at alo_ngltudlnal sections were obtained by ultramicrotomy with a
nominal speed of 1 cm/s. diamond blade.

Argiope trifasciata(Argiopidae) MAS fibers were retrieved by A Bermad 2000 AFM (Nanotec EleCina, Spain) was used to
forced silking*25 (FS fibers). Spiders were immobilized in a self- record the atomic force microscopy images. Olympus OMCL
zipping bag, in which a hole has been perforated to make the RC800PSA (SNj; tip radius <20 nm) cantilevers were used for
spinneret accessible. The silk is reeled on a polyethylene mandrelthe observation, and the highest resolution was obtained with the
that combines simultaneous rotation and translation around andstiffest tip (100xm x 40 um; nominal stiffness 0.76 N/m). AFM
along its axis. Forced silking process proceeded at 20 mm/s. images were obtained in the dynamic mode in the repulsive regime

MS fibers were prepared from FS fibers through a maximum of t_he tip—sample interaction, since it has been fou_nd _that this
supercontraction procedsFS fibers were glued on perforated —egime allows reaching the highest resolutié@bservation in the
aluminum foil frames by their ends. The gauge length of the samples 'epulsive regime requires low values of the amplitude of the tip
before maximum supercontraction was measured by reckoning theoscillation (typically ~0.020 V). Images were obtained at a
maximum length between the glued ends of the fiber with no force frequency of 1 Hz in the low scan directioN-irection). At least
exerted on the fiber. Maximum supercontraction was attained in tWo samples of each material and condition were observed, and
40% of the initial gauge length, and then samples were immersed 9allery of images from different samples and at different scales is
in water for 30 min and allowed to dry overnight (nominal Présented as Supporting Information.
conditionsT = 20 °C, relative humidity 35%). The gauge length The processing of AFM images has consisted of simply equal-
of the samples after maximum supercontraction was measured byizing and adjusting the contrast and the brightness of the micro-
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Figure 2. AFM image (500 nmx 500 nm) of the longitudinal section of a silkworm silBgmbyx mojj fiber. The macroscopic axis of the fiber

lies along the horizontal axis of the image as shown in the scheme chart. The distribution of the size of the nanoglobules in the longitudinal (parallel

to the fiber's axis) and transverse (perpendicular to fiber’'s axis) are shown as histograms. The mea# stdnesard deviation of the size of the
nanoglobules are 2& 6 nm (longitudinal) and 16- 4 nm (transverse). A 2Zm x 2 um AFM image shows again the elongated microstructural

details at micrometer scale observed in Figure 1.

graphs. No filter has been used to improve the quality of the images dimensions in the range 106@000 nni2 and with transverse

or to highlight their details. In particular, the effect of tip dilattén

dimension&~12in the range from 80 to 400 nm, with an average

has not been used to recalculate the dimensions of the microstructransverse dimension of 140 nm. These values compare well

tural features. However, the observation of microstructural details
with lateral dimensions of7 nm sets an upper limit to the extent
of the convolution between tip and sample. A lower limit ofg

with the dimension of the longitudinal features observed in
Figure 1.

nm has also been established from the observation of biomolecules High-resolution images of the fibroin core have allowed

of known lateral dimensions, such as DNA and polylysine. The
size of AFM tips usually ranges from 5 to 20 nm depending on the
manufacturer and on the use of sharpening technitftfsn
excellent agreement with the resolution of our AFM images.
Besides, since all the discussion is based on experimental detalil
which are at least 50% larger than this lower limit, the conclusions
remain unaffected by this limitation on the resolution of the AFM
images.

3. Results and Discussion

Figure 1 shows a longitudinal section of a silkworm silk fiber.
The differences between the fibroin core, the sericin coating,
and the resin, in which the fiber is embedded, are evident.
Longitudinal microstructural details are found in the fibroin core
with a mean length of 600 nm and a mean width of 90 nm,

identifying the structure of the fibroin core at a nanometer scale
(Figure 2). It has been found that the fibroin core consists of
nanoglobules, whose distribution of sizes is shown in the
histograms in Figure 2. Silkworm silk nanoglobules are aniso-

stropic with a mean length of 23 nm along the fiber axis and a

mean width of 16 nm perpendicular to the fiber axis. Compa-
rable nanoglobules have been found in fibroin aggregates
adsorbed on monocrystalline silicéhThe similarity between

the size of thef microcrystallites as measured by X-ray
diffraction (21 nmx 6 nm x 2 nm) and that of the nanoglobules
observed by AFM immediately suggests that each nanoglobule
consists essentially of @microcrystallite. This model implies

that eachf microcrystallite must be surrounded by a less ordered
region, as required by the existence of an amorphous phase that

although some details are shown to reach a length of 1000 nm."€Presents-50% of the volume of the fibet:*

Previous work¥-12 have shown lower resolution images with
microstructural details identified as nanofibrils with longitudinal

The comparison of the observations at micrometer and
nanometer scales (Figures 1 and 2) shows that the nanoglobules
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supercontracted (MS) state, corresponding to the minimum alignment of the protein chains. The macroscopic axis of the fiber lies along the horizonta
axis of the image as shown in the scheme. The distribution of the size of the nanoglobules in the longitudinal (parallel to the fiber's axis) and
transverse (perpendicular to the fiber’s axis) are shown as histograms. The meartvataeslard deviation of the size of the nanoglobules are

10 £+ 2 nm, both in the longitudinal and transverse directions. A2 x 2 um AFM image is also shown, and no additional structural details at

the micrometer scale are observed.

are loosely associated, so that this association is not apparenstructural detail is apparent up to the micrometer scale, so that
at the nanometer scale. Although the longitudinal microstructural no evidence supporting the presence of nanofibrils in MAS
details at micrometer scale have been usually referred to asfibers has been found, despite the transverse dimension of the
nanofibrils, Figure 2 shows that their structure does not proposed nanofibrils ranges from 60 Hnto 150 nni well
correspond to the succession of oriented regions aligned alongabove the microstructural details presented in this work.
the fiber's macroscopic axis, which defines a fibrilar micro- However, there are significant differences in the size of the
structure®* The difference in the microstructural details found nanoglobules exhibited in both states. The sizes of the nano-
at different observation scales is probably the result of significant globules of the MS state show a distribution with a mean value
local deviations of the protein chain from the macroscopic axis of 10 nm (standard deviation 2 nm) and a maximum size of 17
of the fiber but reflects the average alignment of the chains at nm. In contrast, the nanoglobules of the FS state appear to show
larger scales. A loose alignment of the chains allows the a distribution with a mean value of 13 nm (standard deviation
combination of a relatively high elastic modulus with the ability 4 nm). The maximum size of the nanoglobules in the FS state
of sustaining large strains at breaking. A more perfect alignmentis 22 nm. Studies on the morphology of artificial proteins
of the chains along the macroscopic axis of the fiber leads to constructed from the sequence of M&®&ave allowed globular
stiff polymers with low strain at breaking. aggregates to be identified, although the size of the aggregates
MAS fibers in the FS and MS states have been observed byis larger (40 nm) than the size of the nanoglobules of either
AFM to characterize the influence of the molecular alignment MS or FS states.
on the features of the microstructure from the nanometer scale The presence of microcrystallites formed by polialanine
to the micrometer scale. Figures 3 and 4 show AFM images of runs, which are not affected by the supercontraction €effect
longitudinal sections of MAS fibers corresponding to MS and except for their orientation relative to the macroscopic axis of
FS states, respectively. Despite the differences in the tensilethe fiber, is compatible with the size of the nanoglobules of the
properties exhibited by FS and MS fibéPhoth samples share  MS state, especially if it considered that the convolution between
a nanoglobular microstructure formed by isotropic nanoglobules tip and sample likely leads to a certain increase in the size of
with comparable sizes in the directions parallel and perpen- the nanoglobules as observed by AFM. The calculation of the
dicular to the macroscopic axis of the fiber. No other micro- distance between the,®f the two extreme polialanines in a
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Figure 4. AFM image (500 nmx 500 nm) of the longitudinal section of a spider silk (MA&giope trifasciata fiber in the forcibly silked (FS)

state, corresponding to the maximum alignment of the protein chains. The macroscopic axis of the fiber lies along the horizontal axis of the image
as shown in the scheme. The distribution of the size of the nanoglobules in the longitudinal (parallel to the fiber's axis) and transverse (perpendicu
to fiber’s axis) are shown as histograms. The mean valustandard deviation of the nanoglobules is#£3 nm, both in the longitudinal and
transverse direction®\ 2 um x 2 um AFM image is also shown, and no additional structural details at the micrometer scale are observed.

polialanine run A from the theoretical bond lengths and angles disorganization of the NPLs during the supercontraction process.
in af sheet yields a value of 2.9 nm. This value correlates well Disorganization of NPLs would be a reversible process that can
with the size of microcrystallites as determined by X-ray be reverted by stretching the fiber submerged in wiétin
diffraction, which is found to be 23 nm’ Consequently, it is this context, the process of formation of NPLs constitutes a
reasonable to assume that each nanoglobule consistsfof a likely mechanism of energy dissipation during stretching of
microcrystallite surrounded by less ordered regions from both spider silk fibers.
spidroins. This interpretation is consistent with the fraction of
crystalline regions in MAS fibers, which represents at most 40% 4. Conclusions
of the total mass of the fibéf:33 . ) o )

Since the reversible interconversion of the MS and FS states 1 Ne detailed microstructural characterization of silkworm and

does not modify theg microcrystals of polialanine, except for spider silk from the nanometer to the m?crometer scale has
variations in the alignment of the microcrystals with the revealed that nanoglobules are common microstructural features
macroscopic axis of the fiber, the explanation for the increase shared by both materials. Nanoglobules are loosely aligned with
of the size of the nanoglobules must be found in other motifs the fiber axis in silkworm silk, but no proper nanofibrilar

of the protein sequence. Thus, its has been proposed that thé@rganization is observed. No alignment has been found in the
GGX and GA motifs interspersed between the polialanine runs hanoglobules of spider silk fibers. It has been found that the
may align to form nonperiodic lattices (NPB§.NPLs are size of the nanoglobules in spider silk increases when the fiber
defined by the probabilistic character of the periodicity of their is subjected to stretching, suggesting a possible mechanism that
constituent elements, in contrast with the deterministic characterexplains the ability of spider silk to dissipate energy. The
of the periodicity in true crystals. Such an explanation is also characterization of the similarities and differences in the
consistent with the intermolecular distances calculated from the microstructures of silkworm and spider silk at nanometer scale
sequence, since the theoretical length of the region between twoopens new possibilities for understanding and modeling silks.
consecutive polialanine runs in spidroin 1 is 12 nm,fpleated In particular, it suggests that efforts to create new bioinspired
secondary structure is assumed. This hypothesis is also supportetlbers of properties comparable to natural silks should be
by the significant increase in the mobility of GGX motifs directed to reproduce the highly conserved nanoglobular mi-
observed in supercontracted sifkwhich is consistent with the  crostructure observed in both silkworm and spider silk.
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