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Abstract: We present experimental results showing that long-period
gratings in photonic crystal fibers can be used as sensiiivehémical
sensors. A layer of biomolecules was immobilized on thessafghe holes
of the photonic crystal fiber and by observing the shift in theonant
wavelength of a long-period grating it was possible to meathe thickness
of the layer. The long-period gratings were inscribed in @ydamode
area silica photonic crystal fiber with a GQaser. The thicknesses of a
monolayer of poly-L-lysine and double-stranded DNA was soeed using
the device. We find that the grating has a sensitivity of axipmately
1.4nm/1nm in terms of the shift in resonance wavelength inpemnm
thickness of biomolecule layer.
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1. Introduction

Optical fibers are finding increasing application as senattsn biochemistry [1, 2, 3, 4]. In
particular, long-period fiber grating sensors in converdlmptical fibers have proven useful as
sensors for a variety of purposes [5], including biocheirgeasing [6]. Other techniques for
biochemical sensing with optical fibers include surfacaiplan resonance [7] and Fabry-Perot
micro cavities used as an interferometric sensor [8].

Photonic crystal fibers (PCFs) [9] are optical fibers pemetréhroughout their length by an
array of microscopical holes. These fibers have unique tigiting properties and their array
of air holes may hold a sample volume of a few nanoliters pemé€tiber. The contents of
these holes, for example gases and liquids, may be probed & evanescent-wave sensing
principle [11]. PCFs are typically made from pure silica@®), which is biocompatible and
chemically inert. PCFs can also be made of polymer mateN&tsostructured polymer optical
fibers [12] are well suited for biosensing [13] since polymatlow a wide range of surface
chemistries to be used.

It has been shown that photonic crystal fibers can be used/érescent-wave sensing of
biomolecules, such as DNA [14] or proteins [15]. These expents were done usingbelled
biomolecules, where each target molecule carries a fluen¢$sag. However, from a biochem-
ical point of view,label-freedetection of biomolecules is much more appealing, sinceids
labelling of biomolecules, which complicates the chemmalcess considerably and is there-
fore an obstacle for, e.g., designing simple-to-use paofiftare devices.

In this paper we report, to the best of our knowledge, the Ifs¢l-freetechnique for de-
tection of biomolecules using a long-period grating in atphix crystal fiber (PCF-LPG). Itis
the first time long-period grating resonances have been dstraded in a water filled photonic
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crystal fiber. We demonstrate an experiment showing tha®@fe-LPGs can detect the average
thickness of a layer of biomolecules within a few nm. By memgithe thickness the technique
may thus be used for label-free detection of selective bipdf biomolecules such as DNA and
proteins. The presented experiments open up new possibildr photonic crystal fibers to be
used in surface chemistry studies, such as in drug discamilyas sensors in point-of-care
devices and other laboratory equipment.

Existing label-free optical detection techniques inclyadetonic crystal slab waveguides
used for biomolecule detection [16], single molecule Rarseattering [17], SPR [18], and
interferometry [19].

The presented technique can not measure single-molebtwlesyer it is robust and simple,
while matching any other technique when measuring the tieis& of a biofilm. It is insensitive
to temperature fluctuations and does not require any ctbioraf the optical setup.

Fig. 1. End facet of the large mode area LMA10 [20] photonic cryskarfused in the
presented experiments. The fiber has the structural parametetiser@asolute) hole size
d/A = 0.47 and inter-hole center distance (pit¢hy= 7.2um.

2. Photonic crystal fiber long-period gratings

We use silica photonic crystal fibers (PCFs) with a periodengular air hole structure and
a core formed by a defect consisting of a “missing” air holee Tibers are characterized by
the relative hole sizel/A and the relative free-space wavelengtf\, whereA is the pitch
or inter-hole center distance. The end facet of the PCF us#ud paper/article? is shown in
Fig. 1

In an optical fiber the electrical fields can be writterEagx, y, z,t) = Em(x, y)e (Bn(@)z=at)
wherew = CZ)\—" is the frequency anfim(w) is the propagation constant. The subsamipefers
to the mode. The propagation constants of the modes arectedbj the dispersion relation
Bm(@) =N ()2, wherenfy ' (w) is the effective index of mode. The core ¢o) and cladding
(cl) modes have slightly different effective indices. In a P8& lbwest order mode which have
the highest effective index is the two-fold degenerate cooele, which is largely confined to
the core of the fiber. The higher order modes are referred ¢taddging modes and their mode
profiles are to a much higher extent dispersed throughoutrtiss section of the PCF. Cladding
modes are only weakly guided in the fiber and attenuates ax@uple of centimeters. If a core
and a cladding mode are superposed their overall amplitegegderiodically with the so-called
beat length, 2/(Bco(w) — Bei(w)). The coupling of the core and cladding mode is resonant at
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the wavelength where the period of the long-period gratitg,equals the beat length
A =ne(ne ) g m)), (1)

there the effective refractive indices are written as fiomcof the free-space wavelength—=
c<l

wThe core mode is more confined to the silica material than lgddang mode, which has
a larger portion of its field energy in the evanescent wavi@the holes of the fiber. If the
refractive index of the contents of the holes is changedffeet&e index of the cladding mode
will thus be more affected than the effective index of theeamiode. This, in turn, will be seen
as a shift in the resonant wavelength of the grating as thiiséstly dependent on the difference
between the effective indices as seen in Eq. (1). The clgddiodes probe all 168 holes of the
PCF.

For the inscription of the long-period grating (LPG) in thePPwe use a C®laser method
[21]. The method has been demonstrated to be able to writesllPBCFs without any struc-
tural changes to the PCF and its holes [22].

3. Inscription of long-period gratings

In the experimental setup we use a Synrad Fenix [a€er with a maximum output power of 75
W. The laser has a built-in controllable mirror, which ereglis to control the movement of the
laser beam very precisely. The laser has a wavelength ofiird.&t which silica is completely
opaque. We operate the laser at 3% power, i.e. 2.25 W. The ®@ked in one point in a
rotational stage, which itself is mounted on a translatiage. The translational stage enables
us to move the fiber with a precision less thaprh. The PCF is fixed in a second point on a
wheel with a groove. Both the stage and the wheel can be adjusheight such that the PCF is
in the focal point of the C@laser. The protective polymer coating on the PCF is strifgvealy

for a few centimeters and the bare silica surface is clearidmethanol to remove any debris
from the polymer coating. A small weight (7.11 g) is attacteethe PCF with tape on the other
side of the wheel to keep the fiber straight between the winektree stage. The rotational stage
enables us to expose the fiber with the d&ser beam from any given angle. For each grating
period the fiber was sequentially exposed two times at all $ides, 0,90°,180°, and 270,
since this was found to improve the quality of the gratinghad tielectric change and thus
removing spurious side resonances. The speed of thdd@3@r beam was 2.75 mm/s exposing
the PCF in 46 ms in each exposure.

We use an LMA10 fiber [20], which has a pitchAf= 7.2 um and a relative (absolute) hole
size ofd/A = 0.47. The pitch of the PCF-LPG was chosem\g =700 pum. The number of
grating periods is chosen to be 26 making the length of gydt®12 mm. The length of the fiber
with the PCF-LPG in the middle is 30 cm in total.

4. Biochemistry

Poly-L-lysine is commonly used to immobilize negativelyaofied molecules such as DNA to a
solid support. Poly-L-lysine has positively charged amgnoups that can bind to the negatively
charged silica surface through an ionic binding. Poly-&ite will thus immobilize itself in an
approximately 7 nm thick monolayer on the surface [23]. 8ino additional layers can bind
on the positively charged poly-L-lysine surface. DNA (dgoucleic acid), on the other hand,
has negatively charged phosphate groups in its backbodemay thus be immobilized in a
monolayer onto the poly-L-lysine, but can not bind diredadlyto the silica. Double-stranded
DNA has an outer diameter of 2 nm and we may assume that thebitineal monolayers have
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Fig. 2. (a) A hole of a photonic crystal fiber. The side is coated with pelysine (PLL)
and DNA in monolayers of various thicknessya andtp; | ) and refractive indices pna
andny p ). The thickness of the biofilms is vastly exaggerated compared to theiaote d
eter. (b) The molecular structure of poly-L-lysine (red & black) withifies charges im-
mobilized onto the negatively charged silica surface ¢3iQThe negatively charged DNA
(green) is immobilized on the poly-L-lysine

an average thicknesses in the same magnitude when takirggi¢mtational variations of the
individual molecules into account.

The poly-L-lysine and DNA layers both have a refractive idethe order 1.45-1.48. Their
refractive indices are thus closer to that of silica (1.468%) nm) than that of bD (1.328 at
850 nm, 28C). This is important, because if the indices were closedabahH,O, it would be
difficult, if not impossible, to detect the molecules usihg evanescent wave sensing principle
employed in our technique.

To introduce the solutions into the holes of the PCF we ieskone end of the PCF into a
pressure chamber, which can be pressurized with an abgwkgsure from around O to 1,100
kPa. Each sample was introduced into the PCF by a pressyr@deothe fiber ends of 400 kPa.
The fiber was initially washed for 30 minutes with phosphatfdsed saline solution (10 mM
NaH,POy/NapHPO, pH 7.4, 150 mM NaCl) (PBS) before being modified with polysylsihe
(2:1000 in BO, wlv, Sigma #P 8920, MW=150,000-300,000). The poly-L#gssolution was
constantly flowing through the PCF for 30 minutes. The fibes teen washed in 30 minutes
with PBS at 400 kPa to remove excess poly-L-lysine that habeen immobilized on the silica
surface. The fiber was then removed from the pressure chaanddezonnected to a broadband
(350-2000 nm) halogen light source (Ocean Optics HL-200bg other end of the fiber was
connected to a ANDO AQ-6315A Optical Spectrum Analyzer 4500 nm) set at a resolution
of 2 nm. The transmission spectrum of the fiber was recordeé. &nd of the fiber was then
inserted again into the pressure chamber. 300 base paidmrge-stranded DNA (about 100
ng/ul) was introduced in the fibers for 30 minutes. The fibes washed for 30 minutes at 400
kPa with PBS to remove any excess DNA that had not been iminedil

5. Experimental results

The measured transmission spectrum of the PCF-LPG wapahed with a polynomial of
high order, which was used to find the peak of the transmigdijpicorresponding to the reso-
nant wavelength of the PCF-LPG.
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The PCF-LPG was tested with respect to the sensitivity ofésenant wavelength;es, on
temperature. With the holes of the PCF-LPG filled with airgh#t of the resonant wavelength
was found to be less than 2 pgi@/in the temperature interval of 23-8D. The refractive index
of air is largely independent of temperature in this interaad we may thus conclude that the
effect of thermal expansion of the PCF-LPG on the resonawélagth due to temperature is
negligible.

The refractive index of BO is dependent on both temperature and the wavelength. A pfec
fiber with a PCF-LPG was filled with demineralized® and mounted onto a heater stage with
temperature control (MC60 & TH60, Linkam Scientific Instremts). The resonant wavelength
was recorded as function of temperature and is presented.ii3 Hn Fig. 3 we also show the
temperature dependence of the refractive indexhh, (T, A ) at the resonant wavelength of
the PCF-LPGAes(T). This is done to obtain maximal consistency when compatiegtirve
for the resonant wavelength with the refractive index g&HThe dependence on temperature
of the resonant wavelength of the water filled PCF-LPG is ébtmbe -0.15 nniC. Figure 3
also shows the relation of the shift in resonant wavelengtiuaction of the refractive index of
the liquid, demonstrating that the PCF-LPG may also be usedrafractive index sensor.

It must be noted that the PCF-LPG responds differently tmgha in the average refractive
index of the liquid than to changes due to immobilization iminbolecules on the sides of the
holes. We have done intensive electromagnetic field calonkto relate the shift in resonant
wavelength with the thickness of the biofilm. The study isdyeythe scope of this report and
will be published elsewhere. The study indicates that tlift shthe resonant wavelength is
linear to a good approximation in the biofilm thickness utititknesses beyond 100 nm. The
linear relation isAA /At = 1.4 nm/1.0 nm in terms of the shift in resonant wavelengtimmper
nm thickness biofilm, and the biofilm thus redshifts the resmrvavelength in agreement with
the experimental results Fig. 4.

840 1.3286
839 1.3285 =
-
8 838 1.3284 8
~< ~<
£ 837 1.3283
e <
5 836 13282
[ ~
3 83 1.3281 T
=
= 834 1.3280 ©
S £
§ 833 13279
¢ 832 13278 &
T
831 H1.3277 @
830 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 1.3276
20 25 30 35 40 45 50 55 60

Temperature/ ‘c

Fig. 3. The sensitivity of the water filled PCF-LPG on temperature. Expmaial reso-
nant wavelength as function of temperature (crosses) with an intergalatee. Refractive
index of water as function of temperaturg(T, Ares(T))

The resonant wavelength of the grating with air inside thleh\wasAa;, = 7536 nm. The
introduction of the PBS into the holes caused the resonavetlemagth to shift to\pgs= 8425
nm, giving a total shift oAA =88.9 nm. The immobilization of poly-L-lysine shifts thesamant
wavelength to\p | = 8492 nm, a shift ofAA; = 6.7 nm. Finally, the DNA shifted the resonant
wavelength to\pya = 8514 nm, a shift ofAA; = 2.3 nm.

Combining the experimentally obtained wavelength shifith whe theoretically calculated
coefficient described above, the average thicknessesdqgraly-L-lysine and the DNA mono-
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Fig. 4. (a) The experimental transmission spetra for PBS (phosphtiezddl saline solu-
tion), PLL (poly-L-lysine) and double-stranded DNA. The curve f&@3shows the abso-
lute transmission in dBm, The two other curves, PLL, DNA, are offsetheny-axis for
clarity. (b) Close up of dotted rectangle in (a). The transmission spetfaB8& (circles),
PLL (diamonds) and double stranded DNA (crosses). Each speb@areen interpolated
with a curve. The curve for PBS shows the absolute transmission in dBenfWio other
curves, PLL, DNA, are offset on the y-axis for clarity

layers may be estimated to 4.79 nm and 1.65 nm, respectiMedse values are in agreement
with results obtained by atomic force microscopy, which @ameund 7 nm [23] for the poly-
L-lysine monolayer and 2 nm for the outer diameter of the DNAulde helix. Our results
thus indicates that the DNA molecules have been immobilpzedllel to the surface. Since the
DNA molecules are 34 nm in length and 2 nm in outer diametey ttan not be expected to
form a uniform monolayer of constant thickness. Rather,atild seem likely that the DNA
molecules are lying flat on the surface with roughly randorargations and cross one another
occasionally.

We may hypothesize that if the combined frequency shift vearesed by a temperature ef-
fect, the temperature of the PCF-LPG should have decreaseddom temperature to around
-40°C. We may thus exclude the possibility that the wavelengifitssiire caused by temperature
effects.

6. Discussion

The PCF-LPG sensor is reasonably sensitive for measurfractiee index with an RIU (re-
fractive index units) of approximately 16, as seen in Fig. 3. However, the PCF-LPG does not
rely on a measurement of the average refractive index ofdheeats of the holes. Instead the
PCF-LPG is influenced significantly by the layer of biomolesiwdeposited on the sides of the
holes, which have refractive indices close to that of sililae evanescent wave only is most
intense at the silica-water interface and vanishes coelglé@iside the holes a short distance
from this interface. This makes the sensor more robust t@ati@ns in temperature and the
composition of the liquid in the air holes. It has been shokat photonic crystal fibers can
be efficiently packaged in a lab-on-a-chip system [24]. TB&R.PG biomolecule sensor may
thus be implemented in a compact lab-on-a-chip system.

Following Eqg. (1) the biofilm should make resonances blué&,sbécause the biofilm in-
creases the effective refractive index of the cladding modee than that of the core mode.
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This is in contrast to the experimentally found results. @serepancy can be explained when
the waveguide dispersion in is included in Eq. (1). This gsial however, is beyond the scope
of this work and will be presented in a separate publication.

7. Conclusion

We have demonstrated that long-period gratings in photonyistal fibers can be used for sen-
sitive biochemical sensing. An immobilized monolayer ofypb-lysine produced a shift in
resonant wavelength of the PCF-LPG of 6.7 nm and a monolaydouble-stranded DNA
produced a shift in the resonant wavelength of the PCF-LP&2hm. We estimate the im-
mobilized poly-L-lysine layer to be 4.79 nm thick on averagel the DNA monolayer to be
1.64 nm thick on average. These values agree well with ther alidmeter of DNA being 2
nm and the poly-L-lysine monolayer has been measured tackndss of around 7 nm using
other techniques. The PCF-LPG has an RIU (refractive indé&s)usensitivity of approximately
104,
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