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Abstract—From the spider’'s perspective, silk is not only a
building material but also a safety net, a weaponral a sensory
organ to detect the presence of preys on its webndeed, this
primeval material has been shaped over hundreds afillions of
years by spiders to create a myriad of silk fibre tyes with
different level of toughness, elasticity, stickinesdepending on its
attributed function in the web. From a human perspetive,
scientists are currently working on harnessing all the
extraordinary properties of this material for appli cations spiders
would never thought of, from biocompatible tissue egineering
(enhancement of skin regeneration and nerve guides}o
biodegradable electronics and development of spetiged textile
and composites. However, the potential of using gjer silk fibre
for chemical sensing has been overlooked. In thi®mmunication,
we will explore the potential of using spider silkas a new type of
fibre optic chemical sensor in a fully bio-inspiredapproach.

Keywords—spider silk; dragline silk; chemical sensingolar
molecules; induced birefringence.

I.  INTRODUCTION

Fibre-optic chemical sensors (FOCs) are opticatefib
based devices used to measure chemical agentdadadidal
molecular species such as proteins, nucleic aeids,and are
promising alternatives to conventional bio/chemisahsors
because they encompass all the advantages linkéd tese of
optical fibres including low cost, compactness eptility for
remote and distributed sensing, etc.

The working principle of FOCs requires direct iatetion
between light and the target chemical substanceefédy,
the optical fibre is solely used as convenient phdtansport
vectors [1]. For FOCs using sensitive fibre tipsg(FL(a)),
they are only used to transport light from the cgdtsource to
and from the sensing region in order to detectatthgorption-
induced change of the reflectivity brought by thegence of
the bio/chemical compound. For instance, a MFliteefilm
can be grown on the end surface of an optical f[Btefor
TNT vapour detection. Another way to create lightg
interaction in the fibre’s surrounding is to fortiee light to
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confine inside a thin optical fibre, with part dfet light
propagating outside the fibre (Fig. 1(b)). Henbe, $ensitivity

of these sensors depends &n the fraction of the optical
power present in the evanescent field as compardéuakttotal
optical power. Conventional optical fibres used for
telecommunications being mainly intended for light
propagation with minimal loss, the evanescent figlentirely
contained within the cladding, thus not allowingghli
interaction with chemical species surrounding theef Even

if the cladding is removedp remains too small for sensing
applications, as a result of the high refractivaeix contrast.

Table 1: Different methods currently used to inseethe interaction
between the light evanescent field andhfechemical species.

Method Basic principle

Passive cladding is replaced by a

Sensitive materigG] sensitive material

Cladding is specially designed to be

Sensitive claddingd] sensitive to species to be detecteq

Core/clad is reduced to increase the
evanescent field magnitude and
penetration depth.

Fibre taperind5]

Bending results in light loss and

Fibre bending6] increase in evanescent field

In multimode fibres, light can be
launched at different angles (several
modes).

Launch anglg7]

Penetration depth increases with
wavelength

Working wavelengti8]

Several techniques, summarized in Table 1, carsbd to
enhance the evanescent field and facilitate modpliogufor
increased sensitivity. However, all these soluticelg on the
evanescent part of the electromagnetic field faecteon and
are therefore limited in their effect since theg asly a small
fraction of the total field for interaction. For aextended
evanescent field, tapered fibres with sub-micrormeizrs
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must be used, but they are generally difficult emdile and
have a short lifetime since their losses can irsgag to 20-
30 dB due to exposure to environmental factors sash
humidity, dust particles, etc.

(a) (b) (c)

Chemical agent Chemical agent
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Fig. 1. Typical fibre-optic chemical sensors based on émstised fibre tip
and (b) evanescent field sensing. (c) Proposed lifiep interrogation
technigue based on a “chemically-sensitive” filifiee presence of the target

chemical agent modifies the material properties of the fibre, which can be

quantified by analysing the properties of light transmitted along the fibre.

Sensitised fibre tip, 2 e

Chemical agent —>*

A more disruptive approach would be to directly tse
optical fibre itself as the sensing element. Thencical agents
would then directly modify the properties of thbré material
in its entire volume; thereby changing the progsriof light
propagating inside the fibre. The general principlesuch a
sensor is outlined on Fig. 1(c): light from an optisource is
injected inside the sensing fibre, the agent witefact with
the fibre material and any induced change in thwefi
properties due to the presence of the agent willlgalter the
parameters of the transmitted light (intensity, alangth,
phase, spectrum, polarisation) in the fibre, whien de
analysed and interpreted. Subsequently, the acthiteof the
sensing system is considerably simplified,
evanescent-field coupling is required and the erdgjpécal
field interacts with the chemically sensitized miafer
therefore it is less energy-consuming compared uoeat
optical fibre chemical sensors [9]. Moreover, a graission
setup excludes the risk of any contamination byeioth
unwanted agents or dust since light is strictlytkegnfined
inside the fibre.

Il. PRISTINE SPIDER SILK OPTICAL FIBRES

A. Why use spider silk?

Hence, the underlying idea here is to choose aitapt
fibore made of a material, whose mechanical and cabti
properties would be potentially altered in the pres of
biochemical agents, therefore paving the way ferubke of a
chemically reactive fibre, which is capable of mafeting with
its environment. Horse hair has long been knowmexpand

since no

Spider silk, however, represents the
perfect candidate as it does not have an
of the aforementioned shortcomings and

possesses all these necessa
characteristics for sensing chemical =
agents:

(i) Their ability to guide lighthas very
recently been demonstrated in the regio
of 800 nm [10] and 1300 nm [11] by
direct coupling, thereby paving the wayFrig. 2. A female
towards the use of spider silk fibres forNephila edulis spider
optical sensing.

(ii) Spider silk is composed of alternating bloaksa-helical
(hydrophilic) andf-sheet (hydrophobic amino acids) domains
[12]. Interacting molecules with these regions egéher bind

to the a-helical portion thereby affecting the elongation
properties of the fibre or the orientation of thigstalline 5
sheet blocks. Therefore, a multitude of compounas be
detected with only a single silk fibre as many efiént
interaction modes are possible.

(iii) The amount of crystalline and amorphous region the
fibre can be consistently tuned in a very costetiife way by
changing the reeling speed and environmental donditat
ambient conditions. Thus, silk fibres can potehtiabe
custom-made with a known amount of crystalline and
amorphous regions to make it more/less sensitivargeted
chemical agents.

B. Dragline Silk as Optical Fibre
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Fig. 3. Scanning electron microscope (SEM) image of a ctk® silk
dragline

For our experiments, a single strand of silk af thajor
ampullate gland from a femalephila edulis, reeled by the
Oxford Silk Group under controlled conditions, wased.
This species of spider was used for the followiegsons: (1)
Nephila edulis is one of the best studied species and best

with increasing humidity forming the basis of old gocumented in the literature; (2) this spider spegiroduces

hygrometers. Also, natural industrially availabierés like
cotton, flax and wool are sensitive to humidity. vitwer,
these fibres contain a lot of impurities, like waxéatty acids,
polyphenols, sugars, etc., and are generally diolssd, thus
making them less sensitive for
compounds. In contrast, the industrially obtainiéidfsom the

silk moth Bombyx mori is a good candidate, but like the

aforementioned fibres, it has an irregular crosgige
(triangular), making them less suitable for lightpling.

sensing environnhenta

one of the thickest silk fibers, making them eastehandle;
(3) this silk can be reeled under controlled candd, such as
reeling speed, humidity and temperature, in ordeprbduce
very uniformly spun fibres with a smooth surfaceua
circular diameters and identical material propsrtiehich is
of vital importance for its optical properties asown on
Fig.3. Silk fibres with a diameter of 5.6 um werdlected for
our experiments. When surrounded by air, the silith a
reported refractive index of around 1.55 in the visible
spectrum [13], is intrinsically an optical fibrecaguides light



by total internal reflection with refractive inderntrastAn of
0.55.

[ll. OPTICAL CHARACTERISATION

A. Optical Transmision Window

T R I T I e ]
40
@ N
T 354 Transmission window
@ of dragline silk
[2]
& 304
o
© 25
o
a
o 20
3
O 154
[
10

T T T T T T T T
800 900 1000 1100 1200 1300 1400 1500 1600 1700
Wavelength (nm)

Fig. 4. Transmission window of the silk fiber.

Supercontinuum light (800 nm — 1700 nm) was injgcte
into a 2.5 cm dragline silkk sample and the resyltin

transmission spectrum, collected at the output ref silk
sample, was measured. Fig. 4 represents the fattahblosses,
obtained by subtracting the transmission spectnbtained at
the output, from the spectrum measured at the iopthe silk
fibre. From this graph, one can easily notice tltla¢
transmission drops sharply beyond 1360 nm. The leagth
range with less propagation loss is 900 — 1100Tra.relative
loss (compared with transmission at 940 nm) in @band
region is large (> 25 dB), making it more diffictidt work in
this transmission window. The 1300 nm wavelengthiom
appears to be a good compromise since the
transmission loss is still low (< 10 dB) enough parforming
measurement and optical components are more aleaitald-
band than at 900 nm.

B. Propagation Loss
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Fig. 5. Relative intensity of scattered light against I¢andinal position.

The distributed scattering loss technique [14], ohi
consists in measuring the intensity of scattergdtlfrom a
fibore as a function of position, was used to meastie

propagation loss of silk fibre. The intensity véioa of the
scattered light is obtained by taking the peaknisity at each
point along the propagation direction. Fig. 5 représ the
relative scattered power as a function of posititomg the silk
strand at 1302 nm. From this plot, the propagatwss is
estimated to be 9+2 dB/cm in the O-band.

C. Birefringence

00 T T T T
N A  Measured values
Linear fit
5 0.1 y
©
=
=
(]
o
c
O -0.2 .
=
()
b=
©
5
@ -0.3 E
=
o
-04

T T T T
1302.4 1302.5 1302.6 1302.7 1302.8 1302.9

Wavelength (nm)

Fig. 6. Phase change of trasmitted light against wavelength.

In order to measure the birefringence of the fltke, a
method based on wavelength scanning [15] was uUdgtt
from a tunable laser is launched inside the shkefiand the
transmitted light is analysed with a polarizationalgser.
Detuning the wavelength of the input light indueeshange in
the phase differencg between the two orthogonally polarized
modes of the light transmitted. Fig. 6 shows thagehchange
against wavelength. From this graph, a birefringenic8x10°
is calculated at 1302 nm.

relative

IV. DETECTION OF CHEMICAL AGENTS WITH THE SILK FIBRE

The birefringenceB of the silk fibre depends on both the
overall degree of molecular orientation and theeixto which
crystalline regions are present. Hydrogen bondghimiand
between molecular protein chains, play a crucié io the
silk’s structure. The presence of polar elementsgradually
modify these bonds, causing the molecular chairdigorient
and coil-uncoil [16]. This will change the overaliolecular
orientation inside the silk fibre and, thereforeuce a change
AB in its birefringence. This change in birefringenad!
induce a change in the phase differengebetween the two
orthogonally polarised modes according to the foihg
equations:

A¢:27”(AL.B+ LAB) (1)
21T
AL=0=A¢ = LAB @)



Note that a change in the length of the silk fibre (length.)
can also induce a change in the phase differ&acedn our
case, we can neglect this change since the filpladed under
strain and tightly fixed at both ends. By measutinig value
of Ag, the change in birefringence can easily be dedusedy
equation (2). The change in the phase differentedan the
two orthogonally polarised modes of light propagatalong
the silk fibre can be obtained by monitoring thePS6f the
transmitted light using a polarisation state aredysThe
experimental setup, represented in Fig 7, was tseatbtect
several chemical agents which impact the hydrogamding
between the silk proteins within the silk fibre. Ifearly

differenceA¢ . White dot: initial state of polarisation; Black dot: final state
of polarisation; blueline: path along sphere.

As soon as a cotton bud, soaked with water, wasepl
next to the silk fibore the SOP of the transmitteght
instantaneously changed (Fig. 8(a)) indicating angje in the
fibre’s birefringence. The temporal evolution of for this
experiment is plotted on Fig 8(c). Initially, thalue ofp was
constant since the silk fibore was left unperturbédter 6
seconds, the cotton bud was placed next to thefibitk. ¢
immediately changed with a response time of theoa the
second and went back at to its initial phase wtmendotton

polarised light af. = 1302 nm was launched inside the silk bud was removed.

fibore and the transmitted light was sent to a psddion
analyser A cotton bud soaked with the targetedHaotcal
agent was then placed close to but not in cont#bt tive silk
fibre to allow vapour-silk interaction while simaiteously
recording the SOP of the light guided through tlile fibre
every 0.1 sfor 15 s.

Cotton bud soaked with

Palarisation Chemical agent

controller Chemical

(e ———]
Laser - & vapur
SMF i SMF
Silk fibre
& SMF = Single-mode fibre

Fig. 7. Experimental setup to measure the induced birefring of the
transmitted light along a dragline silk fibre brbtidy the presence of a
biochemical agent.
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Fig. 8. Representation of the polarisation transformatioms a Poincaré
sphere of the transmitted light due to the presef¢a) water and (b) carbon
dioxide vapours and (c) corresponding temporal ghanin phase

On the other hand, the presence of non-polar ra@eado
not impact the birefringence silk fibre. When exgabso pure
carbon dioxide gas, the silk fibre’s birefringenda not
change. Only a small drift, probably due to temper in the
SOP of the transmitted light was observed (Fig))8(b

Two other hydrogen bond-active agents, namely aceti

acid and ammonia, were tested and the corresponding

Poincaré representations showing the change in i8@Rch
case is shown in Fig. 9. Based on these figurés,dlear that
the chemical agents induced a change in birefriogén the
silk fibre. The corresponding change in birefringem\B,

induced by these three chemical compound, was rdited
and listed in Table 2.
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Fig. 9. Representation of the polarisation transformationsa Poincaré
sphere of the transmitted light brought by the @mee of (a) acetic acid and
(b) ammonia vapours.

Table 2: Induced birefringence by each chemicalmmmd.

Modifying agent AB Percentage change (%)
Water 5.11E-5 0.121
Acetic acid 4.59E-5 0.109
Ammonia 6.38E-5 0.151

V. CONCLUSION

The potential of dragline silk as a new type oficgitfibre,
able to detect chemical agents, has been explaorethi$
communication. Dragline silk can indeed be usedrasptical
fibre and some of its optical properties were mesgufor
e.g., transmission window, propagation losses fooflesome
dB/cm) and birefringence (#0- 109%). Since the elemental
building blocks of dragline silk are proteins, theesence of
some chemical agents can directly modify the prigepf the
fibre material in its entire volume; thereby chaggithe



properties of light propagating inside it. Sensimigseveral [2]
chemical compounds has been demonstrated by regottok
change in polarisation state of output light. Theervation of 3
fast response and high sensitivity of silk fibrevéods polar 3l
chemical compounds (water, ammonia etc.) has shown
promising application for chemical vapour sensifiplar [4]
molecules can modify hydrogen bonds within and bketw
molecular chains, causing the latter to coil andoiln This
effect will be translated into a change in the ’silk
birefringence, which can be detected by monitotimg state
of polarisation of the transmitted light using algsisation
analyser.

The promising results demonstrated in this comnatiuo
can potentially bring a major breakthrough in tiptical fibre
sensing field. Firstly, the use of a sensing fibtede from a
chemically sensitized material such as silk wilhsidlerably
simplify the interrogation and detection sensingtssn as
compared to more complex setups, based on evandisddn
sensing and sensitized fibre tips. Secondly, thispave the
way for the fabrication of a new generation of emoital and
custom-made FOCs since spider silk can be spumbieat
conditions. Moreover, silks can be functionalizedbe even
more sensitive to any type of chemical or particula[10]
environmental quantities by incorporating specifityes
making them very cost-effective for potential actl
industrial production of silk-based fibres with quoée
properties.
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