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Ultraviolet Rays Mechanically Strengthen Spider’s Silks
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The resistance of silks to ultraviolet (UV) rays has
been one of important characteristics as materials for
textiles. It has been shown that UV rays easily decom-
pose the protein molecules of natural silks such as
silkworm silks.1,2 Therefore, it has been expected that
a new silk with the high resistance to UV rays except
for silkworm silks should be developed as materials
for textiles. And, researchers focused on the mechan-
ical properties of spider silks because the elastic mod-
ulus of spider silks is higher than those of amorphous
synthetic polymers.3–6

Since a spider captures insects in daytime by using
its orb-web which is exposed to sunlight, the spider
silks may be affected by the environmental factor of
UV rays from sunlight. Thus, it is of great interest
to study whether spider silks are mechanically resist-
ant to UV irradiation.
Many properties of spider silks have been studied

including mechanical, strain energy, physico-chemi-
cal, thermal and optical properties.3–16 The chemical
degradation of spider’s silks was studied by using an
electron spin resonance ESR method.17,18 To my
knowledge, however, no studies concerning the ef-
fects of UV rays upon the mechanical properties of
spider silks have been reported.
The present study focuses on the effects of UV-irra-

diation upon the mechanical stress of spider silks and
describes findings on the mechanically strengthening
of the spider silks ascribed to UV irradiation.

EXPERIMENTAL

Dragline Samples and SEM Observation
Draglines act as a mechanical lifeline for a spider to

support its weight.19,20 Samples were prepared by cut-
ting long draglines secreted from a Nephila clavata
spider (Japanese golden-web spider) weighing 540
mg, which was, in September, collected in Matsue,
Japan, falling from a wooden bar.6,20–22 N. clavata

spiders are active in daytime outdoors. Scanning elec-
tron microscopy (X-650 SEM, Hitachi, Ltd. Tokyo,
Japan) was employed to establish whether the samples
were true draglines consisting of double filaments and
to determine the cross sectional area of a dragline
from the diameter of the double filaments.

Mechanical Measurements
The stress–strain curves for samples with 4 cm

long, which were recognized to be true draglines,
were carefully measured using a modified TENSILON
UTM-IIIL (Instron Japan Co., Ltd. Tokyo, Japan) with
a stretching velocity of 3:3� 10�4m/s.6,21 A maxi-
mum stress at several breaking points observed in
the stress–strain curve was defined as the mechanical
breaking stress, and the data of the mechanical break-
ing stress obtained from five samples were averaged.
The standard deviation of data was also determined.

Ultraviolet Rays
UV-A, UV-B, and UV-C rays are defined as wave-

lengths between 320–400 nm, 290–320 nm, and 200–
290 nm, respectively. Rays with wavelengths longer
than 270 nm and an intensity distribution similar to
UV-A and UV-B rays were created by a 660-W
xenon-arc lamp (Suntester XF-180, Shimadzu Corp.,
Kyoto, Japan) and were here designated as UV-C�

which contains UV-A, UV-B, and UV-C rays. In the
instrument of UV-irradiation, samples were set
25 cm away from the xenon-arc lamp and an air fan
was installed in order to avoid heating. The UV-A�

and UV-B� used in this study were prepared by
excluding wavelengths shorter than 320 nm and
290 nm, respectively, from the xenon-arc lamp using
special filters. The UV-B� contains UV-A and UV-B
rays while UV-A� contains only UV-A rays. The in-
tensity of UV-B� between 290–320 nm was approxi-
mately double the intensity of actual UV-B rays and
the intensity of UV-A� between 320–400 nm was
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identical to that of actual UV-A from sunlight. In fact,
the intensity of the actual UV-B rays reaching the
ground from the sun is very small, while no UV-C
rays reach the earth’s surface.

RESULTS AND DISCUSSION

Figure 1 shows stress–strain curves of different
sample draglines after the irradiation of UV-A� rays
for 0, 5, 14 and 46 h to the draglines secreted from a
Nephila clavata spider weighing 540mg. The behav-
ior of the stress–strain curves changes with the time
of UV-irradiation, giving a remarkable increase in
the breaking stress. But, the prolonged exposure of
UV-A� irradiation gives a remarkable decrease in
the mechanical breaking stress. Here, two kinds of
breaking points observed in the stress–strain curve
come generally from the breaking of double fila-
ments,20 but more than two breaking points come oc-
casionally from the fibrillation of the filaments due to
the prolonged exposure of UV rays. And, a maximum
stress at several breaking points observed in the
stress–strain curve was used as the mechanical break-
ing stress.
Figure 2 shows the time dependence of UV-irradi-

ation upon the mechanical breaking stress (BS) of
draglines. Here, BS is defined as the mechanical
breaking strength divided by the cross sectional area
of the draglines. The BS increased rapidly shortly af-
ter commencing irradiation with UV-A�, UV-B� or
UV-C�, peaked fairly quickly, and then decreased
gradually as it approached the respective asymptotic
value with time of UV-irradiation. The asymptotic
values were lower than that at the starting point of
UV-irradiation in all experiments, and were the high-

est for the UV-A�, medium for the UV-B�, and the
lowest for the UV-C�. This indicates that the UV-C�

strongly destructs the protein molecules of spider
silks.
For the BS experiments, the height of the peak was

found to increase with increasing wavelength from
UV-C� to UV-A�, as shown in Figure 3a. Here, the
peak BS was, on average, estimated from the meas-
ured data. Compared to the BS at the starting point
of UV-irradiation, the peak BS was larger by ca.
50% for UV-A�, ca. 40% for UV-B� and by ca. 8%
for UV-C� irradiation. Thus, irradiation with UV-A�

showed the highest improvement of BS. The time to
reach a peak in BS from the starting point increased
with increasing wavelength, and showed a close corre-
lation with the span, which is defined as the time dur-
ing which BS is higher than that at the starting point
of UV irradiation. The span showed an increase with
increasing wavelength of UV irradiation with values
of ca. 28 h for UV-A�, ca. 7 h for UV-B� and ca.
1 h for UV-C� (Figure 3b). This indicates that UV-
A� raises the BS most effectively. Thus, the span is
the largest for UV-A�.
In contrast, dragline samples kept in the laboratory

with no UV-irradiation, showed no change in BS over
a period of three months. This demonstrates that UV-
irradiation markedly affects the BS of spider’s drag-
lines.
In order to investigate the nature of the occurrence

of BS peaks, radicals were measured after UV-irradi-
ation to draglines from N. clavata spider. The number

Figure 1. Stress-strain curves of different sample draglines af-

ter the irradiation of UV-A� rays for 0, 5, 14 and 46 h to the drag-

lines secreted from a Nephila clavata spider weighing 540mg.

; before UV-A�-irradiation, ; 5 h, ; 14 h, ; 46 h.
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Figure 2. Time dependencies of the mechanical breaking

stress (BS) of draglines (mean value � standard error) secreted

from a Nephila clavata spider weighing 540mg. Draglines were

irradiated with UV rays of UV-A� (>320 nm), UV-B�

(>290 nm) or UV-C� (>270 nm), respectively. See EXPERI-

MENTAL for the definition of UV-A�, UV-B� and UV-C�. The

horizontal line is drawn using a value of 1.15GPa as a starting

point. Here, the BS is defined as the mechanical breaking strength

divided by the cross section area of the draglines. ; UV-A�, ;

UV-B�, ; UV-C�.
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of radicals ascribed to UV-induced cleavage of chem-
ical bonds23 increased with increasing the time of UV-
irradiation.17,18 Radicals give two kinds of factors as
follows. The cleavage of the protein molecules due
to UV-irradiation17 may decrease the molecular
weight of spider silks and lead to a decrease in the
BS, in similar to the case of synthetic polymers.24,25

On the other hand, UV-irradiation may induce cross-
linking between protein molecules as a consequence
of the combination of radicals created by the UV rays.
If cross-links are generated, they will increase the mo-
lecular weight leading to an increase in the mechani-
cal strength of draglines, in similar to the case of syn-
thetic polymers.26,27

The peaks in the BS shown in Figure 1 may come
about as a consequence of two factors; an increase

in molecular weight due to cross-linking of protein
molecules and a decrease in molecular weight due
to chemical cleavage. This means that the effects of
generating cross-links are significant for a period after
commencing UV-irradiation, but subsequently the ef-
fects of chemical cleavage dominate. The height of
the peak may be attributed to the increase in the num-
ber of cross-links. Furthermore, the span during which
the BS is higher than that at the starting point of UV-
irradiation is dependent on the degree of chemical
cleavage.
Irradiation with UV-A� took longer to reach the BS

peak, the peak was larger and it gave a higher asymp-
totic value in comparison with UV-B� and UV-C� ir-
radiation. The intensity of UV-B rays reaching the
ground is very small, while no UV-C rays reach the
earth’s surface. Consequently, UV-A may be the most
appropriate radiation for strengthening the draglines
since the BS maintains a higher level than the initial
value for a period of ca. 28 h. However, UV-A irradi-
ation of more than 28 h will destroy the functions of
the draglines strongly.28

Here we show that especially UV-A rays may effec-
tively contribute to mechanically strengthening the
draglines and that N. clavata spiders may utilize UV
rays to strengthen the orb-web outdoors. In contrast,
UV rays did not increase the mechanical strength of
silkworm silks or the draglines from Yaginumia sia
spiders, which are active at night and utilize their
orb-web in darkness only. Such a mechanical
strengthening of draglines for a N. clavata spider
which is active on the orb-web in daytime, may be re-
quired for keeping the mechanical function of orb-
web as long as possible since the UV rays exposed
to the orb-web accelerates the chemical cleavage of
draglines. On the other hand, the mechanical strength-
ening of draglines for Yaginumia sia spiders, which
are active at night, may not be required since no UV
rays are exposed to the orb-web.
The mechanical resistance of N. clavata spider silks

to UV rays may be closely related to the period of
rebuilding the orb-web as the adaptation of spiders
to the environments of UV rays and it may come from
the spider’s long history of 400-million-yerars evolu-
tion.
In the future, investigation into strengthening of

spider’s draglines by UV rays at the molecular level
will be necessary to further understand the mechanism
of crosslink and then spider silks with the mechanical
resistance to UV rays will be useful as a new material
for textiles.
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Figure 3. (a) The peak height of BS of draglines secreted

from a Nephila clavata spider is plotted against the three classes

of UV rays; UV-A�, UV-B� and UV-C�. The height is determined

from the time dependence of the mechanical breaking stress (BS).

(b) The span is plotted against the three classes of UV rays; UV-

A�, UV-B� and UV-C�. The span is defined as the time during

which the BS is higher than that at the starting point of UV-irra-

diation.
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