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Abstract

Silk from 3-molted, 4-molted and sex-limitéBombyx mori Antheraea pernyand Antheraea yamamdiave been investigated using
Atomic Force Microscopy and Low Voltage High Resolution Scanning Electron Microscopy. Nanofibrils, bundles of nanofibrils, helical
features and a layered structure with a cross angle between nanofibrils in different layers were observed for all silks. Similar log-normal
distributions of fibril widths were obtained from all silks with the geometric mean fibril widths covering the range of 90—170 nm. There is no
correlation of the fibril width with the fiber size from different types of silkworm. Similar normal distributions of cross angles were observed
in 30% of the images with the arithmetic means covering the range of 30Ha€re is an apparent correlation of cross angle with fiber size.

The larger fibers for which the crystals are primarily alanine exhibit a greater average cross éhgtanido those of the smaller fibers for

which the crystals are primarily alanine and glycine’. 3gitial wide angle X-ray diffraction measurements on a single fibek.qfernyiare

consistent with the fraction of fibrils at different cross angles being 28%. A simplified computer calculation method and molecular modeling
were used in a search for packing angles which minimize the interaction energy of packing between beta sheets. Initial results revealed no
definitive evidence of epitaxy to account for the cross angles. It is proposed that a multifibrillar fiber offers a number of mechanical
advantages over a solid fiber with the same cross sectional@2@00 Elsevier Science Ltd. All rights reserved.
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1. Introduction nanoreactors produces nanofibrils [11]. The poly(2-cinna-
monylethyl methacrylate) (PCEMA) blocks of a BS-
Synthetic polymers tend to form nanofibrils under many PCEMA copolymer segregate in bulk films. When annealed
conditions. Mechanical deformation of: polystyrene at 110C the PCEMA block form cylinders which can be
dissolved in evaporating benzene [1]; single crystals of crosslinked by UV photolysis. Subsequent dissolution of the
polyethylene [2]; pellets of compressed virgin polytetra- PS in THF or toluene yields nanofibrils with a PCEMA core
fluoroethylene molding powder [3]; and amorphous poly- and a PS shell [12].
mers which craze [4] produces nanofibrils. Solution  Naturally produced materials such as the “grown” fibers
crystallization under shear flow [5], extensional flow [6] of keratins [13], cellulosics [14] and collagens [15] also
and high electric field (electrospinning) [7] yields similar exhibit nanofibrils, as do silks which are “spun”. Various
fibrils. Nanofibrils are formed during the coagulation of spider silks have been investigated and found to be nanofi-
fibers spun by the dry-jet wet process from solutions of brillar. An early observation of fibers from the cylindrical
lyotropic rigid polymers, such as polyp-phenylene gland of Polencia productashowed longitudinal bands
benzo-bisthiazole) [8]. Thermotropic polymers spun from which were not observed throughout the fiber [16]. Various
the melt also exhibit nanofibrils [9] as do “gel spun” fibers enzyme and solvent treatments of fibers from the cylindrical
[10]. Polymerization of ethylene in an array of parallel gland of the orb weaveArgiope aurantiaexposed more
distinct nanofibrils [17]. These were confirmed by Trans-
mponding author. Tel.:+ 1-330-972-8282; fax:+ 1-330-972- m?SSion Electron Micrqscopy (TEM.) examinatio.n of ultra-
6581, microtomed cross sections of the fibers. Scanning Electron
E-mail addresssirina@polymer.uakron.edu (S. Putthanarat). Microscopy (SEM) and Atomic Force Microscopy (AFM)
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examination of the abraded surfaces of dragline silk from energy angles. EpiCalc, a simplified computer modeling
Nephila clavipesshowed nanofibrillar striations, but these calculation, also is used to seek possible favorable packing
were not considered definitive because of the possible angles [36].

effects of the abrasion process on the oriented fibers [18].
However, small angle X-ray scattering (SAXS) measure-
ments have been shown to be consistent with the presenc
of nanofibrils in the silk fromN. clavipeq19]. SEM obser-
vations also were made on the abraded dragline silk of
Nephila clavata[20]. AFM observations of cryomicro-
tomed sections of the dragline silk froM. clavipes
revealed nanofibrils with a pleated structure arranged in
concentric cylindrical cores [21]. Optical and electron
microscopical observations of urea-supercontracted drag-
line silk of Nephila madagascariensialso showed a
nanofibrillar tube. The fibrils appeared to be helically
wound about the tube [22]. Nanofibrils have been
produced by electrospining a solution of the dragline
silk of N. clavipes[23].

Nanofibrils also have been observed in silk from the silk-
worms of Antheraea pernyiAnaphe moloneyiAntheraea
assamaand Bombyx mori Early observations were made 2 2 sample preparation
with fragments produced by a blender or ultrasound and
were not always definitive [24—27]. Other observations  The raw silks of the variouB. moricocoons were reeled
were made with partially digested, dissolved, regenerated from water at about £& after having been placed in a series
and swollen fibers as well as precipitated material from the of hotter and cooler water for a few minutes each to soften
silk gland of B. mori[28—30]. Longitudinal striations were  the sericin [37]. The sericin was removed (degumming) by
observed on degummeA. assama[31]. Aggregates of  washing the fibers for 30 min in a 1wt% solution of
single crystals formed from a solution of the Cp fraction Marseille soap and 0.5 wt% of MaOs; in water at about
of B. mori exhibited a short twisted fibrillar-like structure 96°C, followed by rinsing with deionized water. The process
[32]. Nanofibrils have been electrospun from a solution of was repeated several times with fresh solutions at succes-
silk from B. mori [23]. Our earlier investigations with an  sively lower temperatures. For the measurements at both
AFM of peeled fibers revealed an interior morphology of ends of the single cocoon fiber of 4-molt& mori the
nanofibrils in a layered structure. The nanofibrils on differ- raw silk was reeled continuously and separated into
ent layers crossed [33,34]. Also, our SAXS measurementssegments every 112.5m. The fibers from the outer and
have been shown to be consistent with the presence of nanoinner parts were washed twice with a solution of higher
fibrils in the silk of B. mori[19]. concentration (2 wt% of Marseille soap and 0.5 wt% of

Since these nanofibrils no doubt play a role in deter- Na,CQ;) for 40 min followed by rinsing with water and
mining the attractive mechanical properties [19] of silks then with deionized water. The raw and degummed silks
and are relevant to other aspects of the structure, theyof A. yamamaiand A. pernyj which are more difficult to
warrant further characterization. This article reports a produce, were obtained from a laboratory abroad. All the
more detailed investigation of the nanofibrils of silk- silks were stored in the dark and under vacuum at room
worm silks than those reported earlier. The fibril widths temperature in order to avoid degradation.
are measured in statistically more significant detail for  Peeling the silk fibers to expose the internal morphology
silks from a variety of silkworms that produce fibers of was accomplished by a process of several steps. First, the
different sizes. The presence of cross angles for nanofibrilsdegummed fiber was mounted on a glass slide with two-
on different layers [33,34] is confirmed and the angles are sided adhesive tape. Then, it was covered with a 3 wt%
measured for the different silks. In addition, both width and solution of collodion in amyl acetate and the solvent was
angle measurements are made at the ends of the 1 km longllowed to evaporate leaving the fiber embedded in the
single fiber which is wider on the outside and narrower on substrate. The system was placed in an optical microscope
the inside of the cocoon [35]. Wide-angle X-ray diffraction and a razor blade was used to cut partially through perpen-
(WAXD) measurements are made on a single fibeAof  dicular to the fiber axis. The fiber was peeled by slowly
pernyiin an initial attempt to resolve the relative amounts removing the mobile (upper) section with tweezers. Since
of the nanofibrils oriented parallel to the fiber axis and at a the depth of the cut was difficult to control, it is likely that
cross angle. Molecular modeling computations of the different depths were sampled in different peelings. The
packing energy are made for the beta sheet crystals at differ-freshly exposed surface was used for AFM imaging by
ent cross angles in an initial attempt to seek possible low- mounting it on a sample holder with a thermoplastic wax.

& Experimental
2.1. Materials

Cocoon silks of 4-molted, 3-molted and sex-limitBd
moriwere used as well as the wild silksitheraea yamamai
(Japanese Tussah) aAd pernyi(Chinese Tussah). The 3-
molted silkworm is induced to produce silk at a younger age
by the administration of an anti-juvenile hormone [30].
Because it is younger, its spinnerette is smaller and it gener-
ally produces finer silk. The sex-limited silkworm is a
genetic variation. The female produces cocoons of a differ-
ent color than the male. Thus, the silk of the two sexes can
be separated easily. Silk produced by the female is used in
this work.
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ment was examined to resolve the intrinsic orientation
distribution of the crystallites in the fibril, since orientation
data from filament bundles are smeared due to misorienta-
tion among the individual filaments. The measurements
were performed omA. pernyisilk because it is the largest
fiber and also has the largest average cross angle. The
Deutsches Elektronen-Synchroton was used in order to
shorten the required exposure time for the very fine fiber
[38]. Even so, a 5 h total exposure was required. Repeat
measurements during the 5 h showed no evidence of degra-
dation. Detector efficiency was recorded separately. The
data were corrected for background scatter. To reduce the
noise, the data were integrated in two theta and averaged for
T R BARR the number of pixels involved. Thereafter, the analysis of
Skl S the azimuthal spread of the equatorial peaks was carried out.
Fig. 1. LVHRSEM image of a microtip for the AFM. Analysis of the diffraction patterns was performed using
PV-Wave software.
For SEM imaging, the peeled sections were attached on a
sample holder with a touch of silver paste. 2.6. Computational modeling

2.3. Atomic force microscopy Initial computational modeling of the low-energy epitax-

) ) ial packing angles for silk crystals was attempted with a
. An optical .Iever type AFM, TopoMetrp(_ 2010, was used simplified potential function embodied in the EpiCalc soft-
in the repulsive mode at ambient conditions. Images were ,arq [36]. The software searches for commensurate, incom-
Obf%'”ed with a constant force of approximately 1o mensurate and coincident arrangements of two crystals. It
10"N. A seven micron scanner was used for most of the 506 nts two-dimensional lattice parameters for the existing
images. For most of the images, 200500 data points Were.y oo substrate and the overlayer crystal. Both crystals
taken for each line scan with an equal number of lines being were given the unit cell dimensions of the andbc faces
taken. A line scan frequency of 1-3 Hz was used. FOr larger o e heta sheet crystals [39-41]. To allow for cell distor-
scale displacement of the sample, use was made of a coarset, < in the overlayer [36,42], a grid search in the cell
translator on which the scanner is mounted. The widths of the i hansions of the overlayer was carried out in 001 A
nanofibrils were measured on the profiles of the AFM images steps over a range of approximateyl and 2% of the
with software built into the operating system. These measure-y, 4 gimensions, respectively. The unit cell angle was varied
ments are subject to some uncertainty if the profiles of the from 88 to 92 with an increment of 0.01 The angle of
adjacent fibrils are not symmetric about their interface. An oiative orientation of the overlayer with respect to the
effort was made to avoid measuring those widths involving ¢ \vctrate was stepped in Dicrements from 5—60which
such an interface. Such errors can be reduced somewhat angovers more than the range of the experimentally observed

the resolution improved by using a fine AFM tip. cross angles. Angles smaller thahvere encompassed in

the @ minimum associated with perfect alignment of the
two crystals. To avoid mathematical artifacts in the calculation

The SEM images were made with low voltage high reso- " qverlayer of approxima_ltely 2625 un_it cells was used. _
lution scanning electron microscopes (LVHRSEM). A Hita- ~ Since the crystals of silks are relatively small perpendi-
chi S-4700 was used to image the AFM tip at 3 keV without cular to the molecular axis [27,43,44], molecular modeling
a conductive coating. The tip consisted of a microtip, with calculations also were used in an initial effort to determine
an aspect ratio of approximately 10:1, mounted on a"‘stan- the excess interaction energy as a function of the relative
dard” pyramidal tip. The end of the microtip had a radius a orientation angle for a smaller overlayer and a Iarger
little larger than 20 nm (Fig. 1). A Hitachi S-900 was used to Substrate op crystals. A model of the crystal of a “semi-
image the silk. It was operated at 1-2 keV and required g finite” B-sheet, comprising four sheets each containing ten

50 A sputter coating of tungsten on the fiber samples to antiparallel molecules was developed. A “finite” single
minimize sample charging. overlayer sheet of five antiparallel molecules was placed

on top of the crystal at a series of orientations. Each mole-

2.5. Wide angle X-ray diffraction cule of the crystal and the sheet comprised five residues of
one alanine and one glycine. Thus, the size of the overlayer

WAXD measurements were made in an attempt to is closer to the size that might be expected for a nucleating
resolve the relative amounts of the nanofibrils oriented crystal. The hydrogen bonds in the crystal and sheet are
parallel to the fiber axis and at a cross angle. A single fila- parallel to the interface of the sheet and the crystal. The

2.4. Scanning electron microscopy
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Fig. 2. LVHRSEM images of peeled silks: (&) pernyiat 2.0 keV; (b)A. yamamaat 2.0 keV; (c) 4-moltedB. moriat 2.0 keV; and (d) 3-molteB. moriat

1.5keV.

packing of four different combinations of single sheet and
crystal were investigated.

Structure |:a crystal and an overlayer sheet of the polar-
antiparallelB-structure ofB. mori [39] with the alanine
faces of each interacting.

Structure Il:a crystal and an overlayer sheet of the polar-
antiparallelB-structure ofB. mori [39] with the glycine
faces of each interacting.

Structure Ill: an overlayer sheet of the polar-antiparallel
B-structure [39] with the alanine face interacting with a
crystal of the antipolar-antiparall@-structure [45] ofB.
mori.

Structure 1V:a crystal and an overlayer sheet of the anti-
polar-antiparalleB-structure ofB. mori[45].

75 and 90 were chosen. The crystal and the sheet were
placed with their hydrogen-bonded surfaces parallel to one
another. The initial perpendicular distance was selected so
that the sheet and the crystal were closely spaced, while
ensuring the absence of atom overlapping. This selection
greatly reduced computation time. The energy minimization
was carried out using Discover 3.0 of the MSI/Biosym

software. The CVFF force field was used. The molecu-
lar variables of the “bottom” three sheets were

constrained but those of the fourth sheet of the crystal
and the overlayer sheet were not. For Structure I, the
minimization also was carried out with the molecular

variables of all the sheets being unconstrained. The mini-
mization procedures used the conjugate gradient method
with 10,000-15,000 iterations to determine the energy

For each structure, seven orientations of the overlayerminima. If the systems did not converge, 20,000—
sheet corresponding to relative angles of 0, 15, 30, 45, 60,1,000,000 iterations were used.
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3. Results and discussion
3.1. Morphological observations

Fig. 2 shows representative LVHRSEM images of the
interior surface exposed by peeling. All the silks exhibited
nanofibrils, which are sometimes assembled into larger
structures. Irregular features such as loose fibrils from the
deformation also can be seen. These are not seen so clearly
in the AFM images, presumably because the tip pushes them
aside.

Very many AFM observations of the silk from 4-molted
B. mori confirmed our earlier observations [33,34]. The
degummed exterior surface exhibited somewhat irregular
nanofibrils (Fig. 3a). For all the AFM images presented,
the fiber axis is approximately parallel to the right-hand
edge. The surface exposed by peeling exhibited relatively
long and straight nanofibrils. They sometimes assembled
into larger structures and sometimes exhibited helical
features (Fig. 3b). The latter are probably related to the
many possible conformations @-sheet [46]. A layered
structure also was observed with the fibrils on one layer
crossing those on the next layer in a quaternary structure
(Fig. 3c). Further, similar features are found in the four other
silks examined (Figs. 4—6). Crossing fibrils were observed
in about 30% of the AFM images for all the silks with some
rotations being clockwise and some counterclockwise with
respect to the fiber axis.

2000 nrn

1000 nm

3.2. Fibril widths

Fig. 7 shows the width distribution of fibrils based on
measurements of more than one hundred images of peeled,
4-moltedB. morifibers. The distributions are very similar
for all the other peeled silks as well as the degummed silks
[47]. Because of the asymmetry of the distribution in Fig. 7,
Gaussian statistics do not apply. Fig. 8, which has a loga-
rithmic dimension scale, exhibits a more nearly normal
distribution. The arithmetic-mean and geometric-mean
nanofibril widths for all the silks are summarized in Table
1. The arithmetic-mean fiber “diameters” are also given.
They are somewhat difficult to measure because of the irre-
gular triangular cross sections of the fibers [35] and so the
term size is used. The numbers given are based on measure-
ments made by SEM and optical microscopy. The data show
that the fibril widths appear to be nearly independent of the
fiber “sizes” which vary by a factor of almost two among the

0 nm ] 1000 nm 2000 nm

2175 vm

i\l

different types of silkworms. The graph in Fig. 9 shows this i ] o _ e
more clearly. The correlation coefficient of the regression " i o
line is nearly equal to zero. Fig. 3. AFM images of 4-molted3. mori silks revealing: (a) irregular

Student’st-test was applied to compare the geometric- nanofibrils; (b) bundles of nanofibrils and helical features; and (c) layered
mean fibril widths for the pairs of degummed fiber and Stctre:
peeled fiber of the same silk. The results show a 98% or after degumming [48]. In any event, the peeled samples are
greater probability that they are all different. The physical of more interest since the interior fibrils, being much more
origin of these differences is not clear. Possibly, the sericin numerous, presumably play a larger role in determining the
plays a role. Usually, a small amount remains on the fiber physical properties of the fiber. Analysis with theest
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1000 rim 2000 rim

Fig. 4. AFM images of degummed silks: (&) pernyj (b) A. yamamai(c) sex-limitedB. mori and (d) 3-moltedB. mori

shows the geometric-mean fibril widths of peelkedyama-
maiand peeled\. pernyito be the same at a 65% probability nucleation and spinodal decomposition [49]. The former
and all the other possible pairs of peeled silks to be different has been proposed as the dominant one for fibers of
at a 90% or greater probability level. The physical origin of poly(p-phenylene benzo-bisthiazole) which, like silks, are
these results also is not clear. The fibril formation mechan- formed from a liquid crystalline state [47,49]. A com-
ism must play a role in determining the width. Two possible bination of the two mechanisms has been considered for

Table 1

Mean dimension and standard deviation of fibers and fibrils

mechanisms have been advanced for synthetic fibers, crystal

Silk Arithmetic mean Fibril width (nm)
fiber size (um)

Arithmetic mean Geometric mean

Degummed Peeled Degummed Peeled
A. pernyi 21+8 125+ 56 130+ 103 114+ 2 109+ 2
A. yamamai 166 132+ 82 134+ 110 115+ 2 110+ 2
B. mori
sex-limited, @ 13+ 3 181+ 113 156+ 86 153+ 2 136+ 2
4-molted 12+ 2 120+ 53 112+ 82 110+ 2 92+ 2
3-molted 11+ 4 119+ 45 125+ 85 111+ 1 106+ 2
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Fig. 5. AFM images of peeled silks revealing nanofibrils extended along the fiber axds:gajnyi (b) A. yamamai(c) sex-limitedB. mori and (d) 3-molted
B. mori

poly(p-phenylene terephthalamide) fibers which also are probability. However, it is not a large trend and the data fit

formed from a liquid crystalline state [50]. rather well into the scatter in Fig. 9. If there is a trend, one
Table 2 shows the geometric-mean fibril width of peeled possible reason for it is the change of gland content toward

4-moltedB. morias well as the arithmetic mean fiber size at the end of the cocoon formation process. Another possibi-

the outside and inside of the single cocoon fiber as it is lity is that the silkworm stretches the fiber in the inner

unwound from the cocoon. The result shows that the fibril portion of the cocoon more than that in the outer.

width obtained from the outer portion is larger than the one

from the inner portion. Since there is also a tendency of 3 3 cross angles

decreasing size of the fiber from the outer portion to the

inner portion, there is a possible correlation of the change 3.3.1. AFM data

of size of fiber and width of fibril. According to Student’s Fig. 10 shows the distribution of cross angles from the

t-test the difference in fibril width is significant at 100% peeled 4-molted3. morisilk. In general, the distributions

Table 2
Mean dimension and standard deviation of fiber and fibrils along the length of a single peeled fiber of 4Bnoitd

Position on fiber Arithmetic mean Fibril width (nm)
fiber size fum)
Arithmetic mean Geometric mean
Outer portion 11 185+ 80 170+ 2

Inner portion 9+ 2 130+ 59 119+ 2
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Fig. 6. AFM images of peeled silks revealing layered structuresA(aernyj (b) A. yamamai(c) sex-limitedB. mori and (d) 3-moltedB. mori

are more nearly Gaussian than is the case for the widths.The arithmetic mean of cross angles for all the silks are
Again, the distributions are similar for all the other peeled summarized in Table 3. They are in the range of 30-50

silks as well as the degummed silks although the latter do While there is some correlation of the cross angle with
not appear to exhibit a regularly layered structure [47]. the size of fiber (Fig. 11), there appears to be no

1200 450
400 +
1000 + 350 -
300
800 + -
Q 250 1
— fe)
8 §
E 600+ 3 200 1
z 150
400 -
100 -
200 - 50 7
0
0 - | 13 15 1.7 19 21 23 25 27 29
50 150 250 350 450 550 650 750 850 log [fibril width (nm)]

Fibril width (nm)
Fig. 8. Logarithmic distribution of fibril widths in peeled 4-molt&d mori
Fig. 7. Distribution of fibril widths in peeled 4-molte. morisilk. silk.
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Fig. 9. Plot of geometric mean fibril width vs. arithmetic mean fiber size
with the standard errors. The correlation coefficient is nearly equal to zero.

correlation of cross angle with the fibril width (Fig. 12).
The correlation coefficients of regression for those two
plots are 0.6 and 0, respectively.

Analysis with the t-test shows the cross angles of:
degummedA. pernyiand degummed sex-limiteB. mori
(59%), degummedA. yamamaiand degummed 4-molted
B. mori(52%), degummed 4-molteBl. moriand degummed
3-moltedB. mori (51%) as well as peeled. yamamaiand
peeled 3moltedB. mori (72%) to be the same at the given
probabilities, and all the other possible pairs to be different
at a 99% or greater probability level. The cross angles at the
outside and inside of the single cocoon fiber as it is unwound
from the cocoon of 4-molted. mori are also shown in
Table 3. The cross angles of the two parts are nearly the
same regardless of the fiber size difference. fitest shows

60

50

40

30

Number

20

20

30 40 50 60

Angle (degree)

70 80

Fig. 10. Angular disribution of crossing fibrils in peeled 4-mol&dmori
silk.
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Table 3
Arithmetic-mean and standard deviation of cross angle of fibrils in different
layers

Silk Cross angle (degree)

Degummed silk Peeled silk
A. pernyi 45+ 10 48+ 11
A. yamamai 38=x9 42+ 15
B. mori
sex-limited, @ 44+ 16 36+ 11
4-molted 379 31+ 10
3-molted 35+ 11 41+ 13
4-molted outer portion - 368
4-molted inner portion - 35 10

them to be the same at 84% probability. The data fit rela-
tively well with the data for different silks as shown in Fig.
11. If the angles for the larger fiberd, yamamaiand A.
pernyi (crystals are primarily alanine) are weighted with the
inverse square of the standard deviation and averaged, the
result is 486. If the angles for the smaller fibers, various
B. mori, (crystals are primarily alanine and glycine) are
averaged in the same manner, the result s Be mechan-

ism that determines these angles is not known. There are at
least two possibilities, both of which would be affected by
the apparent variation of the cross angle with amino acid
composition of theB-sheets. One might be the oriented
nucleation of a new crystal on an existing one in the fibril
below. Low-energy packings @-sheets have been found
over a range of angles for proteins [51] and at some angles
for an a-helix on a B-sheet [52]. A somewhat related
mechanism is the possible cross packing of the helical

55
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S 40 1 .
2 ] 1
o
c
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1 O different silks
25 ® single fiber |
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0 5 10 15 20 25 30

Fiber size (um)

Fig. 11. Plot of cross angle vs. arithmetic mean fiber size with the standard
errors. The correlation coefficient is 0.6.
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Table 4
Parameters and standard deviations obtained for the azimuthal séapefyifitted with three peaks

Parameter Inner scan Outer scan
Central peak Offset peaks Central peak Offset peaks

A (counts) 630+ 110 150+ 130 650+ 180 270+ 20
n 37+9 5+7 34+8 8+3
@0 () 90 45+ 11 90 45+ 0.1

135+ 11 135+ 0.1
Area ~ 405 ~ 2(80) ~ 277 ~2(74)
Percent of area in peaks 72 28 65 35

structures such as those in Figs. 3 and 4 as well as Refsadjusted for an optimum with the offset for the two offset
[33,34]. Such cross packing of helical structures governs the peaks being kept equal. The results are shown in Table 4.
cross angles of globular proteins [53], isotactic polypropy-  This yields a better, but not statistically significantly
lene [54] andB-DNA [55] with the cross angle being twice  better, fit to the peak and shoulders as shown by a compar-
the helix angle. ison of the solid (three peaks) and dashed (one peak) fitted
lines in Fig. 13. The azimuthal scan through the outer peak
would overlap the 201 peak, thereby complicating the situa-
tion. Therefore, the results for the scan through the inner
n Peakare considered more meaningful. These initial data are

the single fiber ofA. pernyi were determined from the consistent with about 72% of the crystals being parallel to
azimuthal spread of the two strong equatorial reflections, the fiber axis, 14% at 45’ to the axis and 14% at 45’ to

200 (inner) and 120, 210 (outer) [40], on the normal the axis. Thg total of the offset peaks, 28%, is in close
incidence diffraction pattern. The intensity data, for agreement with the AFM result, 30%.
both reflections were fit with a single peak of the form:

3.3.2. Wide angle X-ray diffraction
Details of the orientation distribution of the crystallites i

3.3.3. Modeling
I = Asin"(¢) With the EpiCalc software, no epitaxial angles were

found in the range of the arithmetic mean cross angles
Here, ¢ is the azimuthal angleA is the amplitude of the  observed with the AFM measurement. This indicates that
peak andhis an integer, and both are adjustable parameters.the orientation is not due to “unit cell” epitaxy.
The detector introduced some artifacts on the “right” side  The excess energy calculated by molecular modeling for
(¢ =180— 360) and so only the data on the “left” side each orientation of the overlayer sheet with respect to the
(¢ = 0— 180 were fit. The result is not too good at the excess energy of the sheet oriented’das@iven in Table 5.
peak and at the shoulders as shown by the dashed fittedThis arrangement of the sheet and crysté), [@presents the
lines in Fig. 13. Since the AFM images have shown fibrils most favorable way of packing. For structures I, Il and 1V, it
aligned at three angles-@8, 0 and+48°) with respect to represents perfect crystals. The results for the structures
the fiber axis, an indication of this splitting was expected in oriented initially at 15 are not given since the minimization
the diffraction patterns as well. For this reason and in an process reoriented them to approximately the low energy
attempt to improve the fit, the azimuthal scans through the zero orientation. In all other cases including the uncon-
maxima of both reflections were fitted with one central and strained crystal of Structure I, the final angle after minimi-
two offset peaks. For each peak,was replaced bye — zation was within 0—8of the starting angle with an average
¢o + /2) wheregg is the angular location of the center of magnitude of the difference less thah Phere are no strong
the peak. The quantitiesg, A andn for the three peaks were  minima in the excess energies except for the sheet overlayer

Table 5
Excess energy (kcal/mol) of packifigsheets at different orientations

Orientation angle®} Excess energy (kcal/mol of overlayers)
Structure | Structure 11 Structure 111 Structure IV
0 0 0 0 0
30 72 72 65 38
45 98 68 61 34
60 80 63 70 30
75 87 66 64 36

90 70 43 48 37
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Fig. 12. Plot of cross angle vs. geometric mean fibril width with the stan-
dard errors. Fig. 13. The azimuthal scan fitted with a single peak (dashed line) and with
three peaks (solid line).

oriented at 0. In the angular range of 30—4&orrespond-
ing to more than the range of observed cross angleB. of
mori, the lowest energies are 72 at’368 at 45, 61 at 45,

and 34 at 45kcal/mol of overlayers for structures -1V,
respectively. From highest to lowest, these correspond
approximately to 0.48-0.23 kcal/mol of backbone atoms

boundaries of a nanofibrillar fiber. The advantage concerning
failure might be the explanation for the lack of failure in the
dragline silk ofN. clavipesunder a very sharp bend [18,58].
Also it can be noted that if the crossing fibrils are
arranged in a helical or zig-zag manner in the fiber, they
could extend the strain to failure in tension and compression

or 32x10°° to 15x 10 °Jm? While these numbers ~. ..

significantly. The former could occur because these non-
would allow the random attachment of some backbone . e . )

straight fibrils would straighten parallel to the fiber as the

atoms to the crystal, they alone do not establish the concept” .". L
of growth of an oriented overlayer. The absence of a low gggtljr;ileycjlirsaelﬁute r?gﬁ-sster)gie?sf?l:rcijlsb\:\?;uklazr;la:f;scau:ge
energy minimum suggests that such an overgrowth probably : P gnt , P .

: . manner of a spring as the “straight” ones undergo buckling
does not occur. To answer the question more completely in

L . or shear failure. Both effects could contribute to the lack of
the absence of a marked minimum requires the development__. .
. o ailure under a sharp bend noted above [18,58]. The tensile
of a detailed kinetic model of the nucleated overgrowth.

There are a number of possible models all requiring the effect could contribute to the reported large tensile strains of

knowledge of a number of thermodynamic parameters. SDII:O:re];l;SI||i<tSCZ:]fgle|Uor§S[e5r?/;§ %r]{at if a void or other flaw is the
One model which illustrates this requirement for synthetic y

. L - . size of the fibril diameter, only the fibril will fail. On the
polymers is that for the kinetics of crystallization with . ) . i . .
chain folding [56]. The conclusion based on these initial contrary, if the void were in a solid fiber which behaved in a

calculations is that epitaxy at this scale does not occur for brittle fashion, the whole fiber could fail at a critical stress [62].

the flat sheets used in the model.
3.5. Opportunities for future work

3.4. Some advantage of a nanofibrillar morphology ] ] ) )
There are questions which remain. These provide a

A multifibrillar fiber with weak bonding between fibrils  number of opportunities for future work. One is to resolve
offers a number of possible mechanical advantages over athe formation mechanism for nanofibrils of silk. As noted,
solid fiber of the same total cross sectional area. One is thatspinodal decomposition and/or crystal nucleation are likely
the fiber will have greater flexibility so that it requires a candidates. A closely related opportunity is to determine the
lower moment to bend through a given radius of curvature reason for the decrease of nanofibril width along a single
[57]. Another related advantage is that the fiber can be benttococoon fiber. It would be good to make measurements of
a smaller minimum radius of curvature before failure occurs fiber size and nanofibril width for the various types of silk so
in tension on the outside of the bend or in compression on thethat the fibril width can be associated with the exactly corre-
inside of the bend [57]. Both of these are related to the fact sponding fiber size for each silk. The mechanism governing
that the shear involved in bending a solid fiber can be accom-the cross angle of the nanofibril also is unresolved. The cross
modated with little stress in the weakly bonded inter-fibril packing of helical structures [53—55] could be examined in
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more detail. In the present work, it has proven difficult to

acquire a statistically adequate number of observations

of the helix angles with sufficient accuracy to test the
possibility.

4. Conclusions

The results presented here show that all silks studied [

exhibit nanofibrils. The log-normal distributions of fibril

widths are similar for all silks. The geometric mean widths
of nanofibrils cover the range of 90-170 nm and are
independent of the fiber size from different types of silk-
worms. There is a layered structure with fibrils on different

layers at a cross angle. The arithmetic mean cross angles are

in the range of 30—50depending on the silk. The cross
fibrils are observed in 30% of the images. WAXD results
are consistent with this number. Computer modeling

revealed no epitaxy to account for the cross angles. It is
proposed that the nanofibrils play a role in some of the
attractive mechanical properties observed for silks. They [24
are also relevant to some aspects of the structure. Opportu{25

nities for future work are indicated.
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