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Abstract: We demonstrate that the inherent nonlinearity of a mi-
crostructured optical fiber (MOF) may be used to achieve label-free
selective biosensing, thereby eliminating the need for post-processing of
the fiber. This first nonlinear biosensor utilizes a change in the modula-
tional instability (MI) gain spectrum (a shift of the Stokes- or anti-Stokes
wavelength) caused by the selective capture of biomolecules by a sensor
layer immobilised on the walls of the holes in the fiber. We find that
such changes in the MI gain spectrum can be made detectable, and that
engineering of the dispersion is important for optimizing the sensitivity.
The nonlinear sensor shows a sensitivity of around 10.4nm/nm, defined
as the shift in resonance wavelength per nm biolayer, which is a factor
of 7.5 higher than the hitherto only demonstrated | abel-free M OF biosensor.
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1. Introduction

Fiber-optical biosensors have a huge potential for providing simple, rapid, and continuous in
situ monitoring of biomolecules in the biomedical, pharmaceutical, environmental, defense,
bioprocessing, and food technology areas [1]. Low-loss delivery of laser light, long interaction
lengths, low fabrication costs, and the ability to both excite target molecules and capture their
emitted light, are important advantages of optical fibers in the context of biosensing. Despite
their geometry, optical fibers may also be incorporatedinto disposabl elab-on-a-chip biosensors,
asthe key sensing element [2]. The major goal inthefield isto develop fiber-optical biosensors
capable of performing rapid and reliable selective immunoassays on unlabeled samples [3].
Fiber-optical biosensors still have a hard time reaching the levels of sensitivity that are today
possible with biosensors based on for example surface plasmons [4], interferometry [5], and
surface-enhanced coherent anti-stokes Raman scattering (CARS) [6]. All these methods are
label-free and highly sensitive, with CARS even being able to measure single molecules [6].
Nevertheless, the first fiber-optical biosensors are finding their way onto the market, such as
the portable multi-analyte RAPTOR [7] with only 10 min. processing time for detection of a
bio-agent, thereby underlining the special strengths of the fiber-optical biosensor.

There are an immense number of different configurations and working principles of fiber-
optical biosensors (see [1] and [3] for recent reviews). Flourescence based fiber-optical biosen-
sors may be formally label-free by having the label molecules attached to the probe instead
of the sample, such asinthe RAPTOR [7]. However, typical fiber-optical |abel-free biosensors
track the change of aresonance (grating, surface plasmon, two-core coupling, Fabry-Perot, etc.)
introduced by the presence of a biological agent [3]. Such sensors are truly label-free in that
they requireno labelled moleculesat al, thereby greatly simplifying the biochemistry. Common
to them all isthat they arelinear, in the sense that they use only the linear material properties of
the optical fiber. This means that to achieve |abel-free sensing, postprocessing of the fiber must
be performed, such as grating writing, cladding etching to expose the core, layer deposition,
femtosecond laser direct writing, etc. Here we present the first nonlinear fiber-optical biosen-
sor, which uses theinherent nonlinearity of the fiber material and therefore does not require any
postprocessing to achieve truly label-free selective detection of biomolecules.

The working principle of our nonlinear sensor is to track the Stokes and anti-Stokes lines
generated by a temporally broad pump laser through the fundamental nonlinear effect of mod-
ulational instability, (MI) also known as degenerate four-wave mixing (FWM) [9, 8]. As such
our sensor is also tracking aresonance, since M1 is anonlinear resonant effect, requiring phase-
matching between two pump photons and the Stokes and anti-Stokes photons. Through the
resonant phase-matching condition the Stokes and anti-Stokes wavelengths depend strongly
on the fiber dispersion. We use this and determine the sensor configuration that optimizes the
influence of acaptured layer of biomolecules on the geometrical part of the fiber dispersion. Im-
mediate design considerationsare: The fiber should be short to minimize sample volume, which
means that the M1 gain must be strong. The M1 process can be artificially seeded through, e.g.,
coupling back part of the output [10]. However, to keep the sensor simple, we here consider
only unseeded MI. Effective unseeded M1 requires that the fiber has zero dispersion close to
the pump [11, 12, 13] and that the effective nonlinearity yPg is strong. Here Py is the pump peak
power and y is the nonlinearity coefficient, which is proportional to the material nonlinearity
and inverse proportional to the effective area of the fiber [9].

The fiber we use is a microstructured optical fiber (MOF), which has a pattern of air holes
running along the entire length of the fiber [14]. The optical properties of the fiber are primarily
determined by the position, size, and shape of the air holes and MOFs exhibit a number of
unique properties compared to conventional step-index fibers. The MOF can be designed to
guide in air through the photonic bandgap effect [15]. However, here we want to use the fiber
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nonlinearity, and thus bandgap MOFs are not directly applicable. We use the solid-core index-
guiding MOF, because it has a number of advantageous properties for our nonlinear biosensor:
First of al the holey cladding allows us to perform bio-chemical reactions and define sensor
layersinsidetheair holesin close proximity to the fiber core. Biological samples may hence be
probed by the optical field without removing the fiber coating and cladding, thus maintaining
the robustness of the fiber. The holes in the cladding are small and thus only minute sample
volumes are required (nanoliter regime). The solid-core index-guiding MOF is aso idea for
MI [11, 12, 16], because the zero-dispersion wavelength (ZDW) is widely tunable and because
the fiber core may be made extremely small, thereby increasing the effective nonlinearity.

Evanescent wave sensing with silica MOFs was first proposed by Monro et al. [17,18] and it
was later demonstrated that DNA in aqueous sol ution could be detected using flourescence[19].
Filling bandgap M OFs with sample liquids the optical field can be guided in the core, and thus
directly in the sample, significantly increasing the overlap between the optical field and the sam-
ple, with obviousadvantagesfor sensing [20,21]. Polymer MOFs (or mPOFs) are now routinely
fabricated with awealth of different hole-structures[22,23], primarily in polymethylmethacry-
late (PMMA). PMMA is much easier to functionalize than silica and thus PMMA mPOFs are
very appropriate for biosensing [24, 25]. Recently Topas mPOFs have been drawn and demon-
strated to have advantageous properties for fiber drawing and biosensing [26]. Because of the
nature of the evanescent wave being strongest at the hole surface and decaying rapidly inside
the holes, it is possible to sense biomolecular layers attaching to the hole surface, rather than
sensing the average index of the material in the holes [27]. Although many MOF sensors have
been demonstrated experimentally, it has not been in the context of label-free biosensing. The
only demonstration of |abel-free biosensing was using a silica MOF with along-period grating
(LPG) to measure the thickness of double-stranded DNA [28]. Note that this experiment did
not show selective biosensing, but label-free measurements of the thickness of biomolecules.
A shift of 1.4nmin the L PG resonance wavelength per nm of double-stranded DNA layer was
demonstrated, henceforth defined as a sensitivity of 1.4nm/nm. Here we show, using the same
material, that our label-free and selective nonlinear biosensor can have a sensitivity more than
7 times higher.

The choice of fiber material is important and primarily determined by the operating wave-
length and the required strength of the nonlinearity. Silica MOFs have low loss out to
about 2um and the zero-dispersion wavelength can be tuned from below 550nm to above
1550nm. However, the nonlinearity is low. The nonlinearity of standard PMMA mPOFs is
n, = 1.5 x 10~ 1°m2/W [29], which is a factor of 6 stronger than that of silica, and the dis-
persion is comparable to silica. Thus mPOFs could be relevant for our nonlinear biosensor.
However, polymer is not good at handling high power and one needs to take into account the
huge and strongly wavel ength dependent loss typical for mPOFs above 700nm. Another poten-
tially suitable fiber materia is the highly nonlinear soft glasses, with nonlinearity a factor of
100-1000timesthat of silica. Soft glass M OFs are now routinely fabricated [30] and they guide
very well at longer wavelengths. However, these fibers are quite lossy at visible wavelengths
and difficult to fabricate with zero dispersion below 1300nm.

In this first proof-of-principle we have chosen silica as the fiber material. This is the most
mature technology and the same material as the MOF used in the so far only experimentally
demonstrated label-free MOF biosensor [28]. Thus we can make a fair comparison with the
1.4nm/nm sensitivity obtained in [28]. Furthermore, we want to use a 1064nm picosecond (ps)
pump laser, becauseit is readily availableto usin an all fiber configuration with average output
powers up to tens of Watts. This means that we want low loss and ZDW at 1064nm, which
is now standard with silica MOFs. However, we aso want ZDW at 1064nm with water in the
holes, as we always consider the sensor operating in both an air-configuration, in which air
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is blown through the holes after sampling, leaving the holes filled with air, and in a water-
configuration, in which water is flushed through after sampling, leaving the holes filled with
water. We initially study in detail the application of a commercial MOF with a triangular hole
structure (henceforth denoted triangular MOF) and then go on to optimize the triangular hole
structure for this particular sensor purpose, before checking the predicted optimum sensor op-
eration with full numerical modelling.

2. Sensor configuration and sample specifications

[, =40 nm

Fig. 1. Left: Triangular MOF with pitch, A, and hole diameter, d. Right: Hole with sensor
layer of thickness tegp having captured a layer of biomolecules of thickness tyo. In this
work tegp = 40nm and tpio = 5nm. Both layers are assumed to have a refractive index of
n = 1.45 and no material dispersion.

In this work we use as the sensing element a standard index guiding triangular silica MOF
with pitch, A, and hole diameter, d, asillustrated in Fig. 1. We assume that inside the holes a
sensor layer of thickness tcqy has been immobilized onto the walls. This sensor layer can cap-
ture a layer of biomolecules of thickness ty,;, through a selective biochemical process. In this
proof-of -principlewe want to consider nice big moleculesto be able to have a detectabl e effect.
We therefore design our sensor for detection of antibodies, such as o-streptavidin, through the
well-known and highly selective antigen-antibody binding process [24, 26]. The a-streptavidin
antibody has atypical size of 10x10x10nm, whereas the streptavidin antigen has atypical size
of 5.5x4.5x4.5nm [31]. Streptavidin does not bind directly to silica and thus additional layers
are necessary for defining the sensor layer [28]. We therefore fix the thickness of the combined
sensor layer (streptaviding plus activating intermediate layers) to bet ey = 40nm and choose a
worst case scenario for the thickness of the captured biolayer with t i, = 5nm. Therefractivein-
dex and material dispersion of the biolayerswill depend on how the biomolecules are oriented.
Here we neglect the dispersion of the biolayers and assume that they have the same refractive
index of 1.45, closeto that of silica. Our argument for this assumption is that experimentswith
PCF biosensors have showed that assuming a refractive index of about 1.45 of molecules, such
as double-stranded DNA and poly-L-lysine, could reproduce known measurements of the size
of these molecules [28]. Naturally, when our proposed biosensor is demonstrated experimen-
tally, this assumption should be tested.

Note that as such the sensor we propose may equally well be applied to refractive index
sensing, just as for example MOF sensors based on Bragg or long-period grating [27], where
very sensitive refractometers may be obtained [32].

The introduction of samples in agueous solution into the sensor might leave remnants of
water, which is difficult to remove. For a given fiber we therefore always consider two sensor
configurations: The air-configuration, in which air is blown through the holes after sampling,
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ZDW at 1000.2nm (dashed). The dispersion at 1064nm is -27.4ps/(nm-km) for silica and

17.2ps/(nm-km) for water.

leaving the holesfilled with air. The water-configuration, in which water is flushed through after
sampling, leaving the holes filled with water. For the refractive index of water the wavelength
dependence has been included [33], while that of air is neglected. The material dispersion of
silicaand water is shown in Fig. 2.

Wefirst consider a specific sensor using acommercially availabletriangular MOF from Crys-
tal Fibre A/S, which has a pitch of A = 3.45um and a hole diameter of d = 1.7um. Inthe fol-
lowing this fiber is referred to as the Highly NonLinear (HNL) fiber. The HNL fiber is chosen
because it has a reasonable high nonlinearity and because it is specified to have ZDW around
1060nm, where we would like to pump. The dispersion profiles of the clean HNL fiber, the
sensor, and the activated sensor have been cal culated using COM SOL [34]. By activated sensor
we here and in the following mean a sensor (M OF with sensor layer of thicknesst cap = 40nm),
which has captured alayer of antibodies of thicknessty, = 5nm. Theresultsare showninFig. 3
for both the air- and water-configurations.
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Fig. 3. Dispersion of the HNL fiber with pitch A = 3.45um and holesized = 1.7um (blue

solid), the HNL fiber with a 40nm sensor layer (red dashed), and the HNL fiber with a

40nm sensor and a 5nm antibody layer (black dash-dotted). Left: Dispersion with air in the
holes. Right: Dispersion with water in the holes.

Our numerical results confirm a ZDW of around 1060nm for the HNL fiber with air in the
holes. Theintroduction of water in the fiber increasesthe effective refractive index of the guided
mode and pushes the ZDW to around 1140nm, which means that the pump at 1064nm is sud-
denly inthe normal dispersion regime. This has severe implicationsfor a sensor using the HNL
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fiber and pumping at 1064nm, as we will show in the following. The addition of the 5nm anti-
body layer does not seem to change the dispersion significantly. However, even small changes
in the dispersion can lead to strong changes in the M1 gain spectrum [13, 35] as we will seein
thefollowing, whereweintroduce M| asthe sensing mechanism and detail the sensor operation.

3. Sensing mechanism - modulational instability

The detection mechanism of our biosensor is based on MI, aso known as degenerate FWM,

where two pump photons of frequency @ generates a Stokes photon with frequency o s and
an anti-Stokes photon with frequency wss. Due to energy conservation the two new photons
are generated symmetrically around the pump, with the Stokes photon being down-shifted,

ws = o — Q, and the anti-Stokes photon being up-shifted, was = @ + Q. M1 thus generates side
bands around the pump, centered at the Stokes and anti-Stokes frequencies. The ideais that if

a given sample contains our target biomolecules, then the sensor layer will capture a layer of

thicknessty;o of these biomolecules, which will change the cladding structure, e.g., by reducing

the hole diameter. This will influence the dispersion and the effective area, A, which in turn
will move the Stokes and anti-Stokes lines, leading to a detection by tracking this change.

The Ml gainis given by [9]

9(Q) =/ (R)? = (x/2)%, Kk =2yR+Ap D

where ¥ = nawp/(CAgi) IS the nonlinear parameter, c is the speed of light in vacuum, wg is
the pump frequency, n, = 2.6 x 10~2°m2/W is the nonlinear refractive index of Silica, Py is
the peak power of the pump, and Ag; is the effective area of the guided mode, here assumed
not to vary with wavelength. The maximum M1 gain, gmax = YP, is independent of the dis-
persion and occurs at phase-matching, k¥ = 0, which correspondsto the linear phase-mismatch
AB = B(ws) + B(was) — 2B (@) = —2yPy, where () isthelinear propagation constant at the
frequency . Using a Taylor expansion of 3(w) thelinear phase-mismatch is given by [9]

_ < Pom 2m :ﬁ
Aﬂ—m:1 (Zm)!Q ' Pm= 0™ | @

o
from which we see that only even order dispersion coefficients, om, influence the M1 gain.
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Fig. 4. Gain spectra of the HNL fiber with pitch A = 3.45um and hole sized = 1.7um,
pumped at A = 1064nm with peak power Ry = 500W. Clean HNL fiber (blue solid), HNL
fiber with @ 40nm sensor layer (red dashed), and HNL fiber with a 40nm sensor and a 5nm
antibody layer (black dash-dotted). Left: gain spectrum with air in the holes. Right: gain
spectrum with water in the holes and only the anti-Stokes band shown.
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With only 2nd order dispersion, 82, M1 requires anomalous dispersion, 32 < 0, and only one
set of gain bands exist close to the pump [8,11, 12]. However, in MOFs, with significant higher
order dispersion, M| can also occur when pumping in the normal dispersion regime, in which
case the gain bands are narrow and further from the pump [16]. In bandgap fibers the strong
higher-order dispersion can even lead to the generation of Stokes and anti-Stokes waves across
bandgaps [36]. In index-guiding PCFs the gain bands appearing in the anomal ous and normal
dispersion regimes are actually representative for the M1 gain bands of our HNL sensor in the
air and water configurations, respectively, when pumped at 1064nm, as can be seen in Fig. 4.
The narrow gain bands of the water configuration will be extremely difficult to detect and might
even disappear completely in areal fiber, dueto small fluctuationsin the fiber parameters along
the fiber [13]. Thus, even before considering the wavelength shifts, the water configuration
with the HNL fiber pumped at 1064nm can be discarded. In the following we detail the sensor
operation in terms of the M| gain and the shiftsin the Stokes and anti-Stokes wavel engths that
occur when the sensor captures a 5nm layer of biomolecules.

4. Sensor operation with commercial HNL fiber

Using the commercially available finite element tool COMSOL [34] MOFs with a triangular
hol e structure have been implemented so that the pitch, A, and hole diameter, d, were adjustable.
The propagation constant, 3, was calculated for 150 different pump wavelengths in the range
500-1700nm. A fit to a polynomial of degree 15 was used to derive the w-dependence of 3,
from which we found the coefficients, Si,,. These coefficients were then used to calculate the
dispersion and gain spectra of the specific fibers, such as those shown in Figs. 3 and 4. In this
section we use as sensor fiber the commercial HNL fiber.

Let usfirst consider the air-configuration, pumped at 1064nm with peak power 500W. From
Fig. 3 we see that the ZDW for the clean HNL fiber is 1051.9nm. Adding the 40nm sensor
layer shifts the ZDW by 6.8nm and capturing the 5nm layer of target biomolecule shifts the
ZDW by an additional 0.9nm to 1059.6nm. From Fig. 4 we see that because the pump is close
to the ZDW in all three cases, the Stokes and anti-Stokes gain bands are wide and close to the
pump. From Fig. 4 we see that capturing the target molecules results in a shift of the Stokes
(anti-Stokes) wavelength by 5.1nm (3.9nm). This gives a sensitivity of 1.0nm/nm, which is a
little less than the benchmark of 1.4nm/nm obtained with along-period grating in [28].

In the corresponding water configuration we see from Fig. 3 that the ZDW of the clean
HNL fiber is now 1136.3nm and shifts by 13.8nm and 2.3nm when the sensor layer and the
biolayer are added, respectively. The pump is now in the normal regime far from the ZDW and
correspondingly we see in Fig. 4 that the gain bands are extremely narrow and far from the
pump. Only the anti-Stokes lines around 700nm are shown, whereas the Stokes lines around
2.2umare not shown. The anti-Stokes shift obtai ned when capturing the biolayer is only 2.2nm.

The HNL fiber in the water configuration is clearly not suitable for sensing, at least when
pumping at 1064nm. The gain bands are too narrow and will most probably be averaged out in
areal fiber due to fluctuations. In addition the Stokes line is out at 2.2um where conventional
detectors are not avail able and where the material loss of Silicais starting to be significant. The
air-configuration could be suitable, but further optimization would be needed.

Given the HNL fiber as the sensing element, we can till tune both the pump power and
to some degree the pump wavelength in order to optimize the sensitivity. In Fig. 5 we show
how the Stokes (blue) and anti-Stokes (red) wavel engths depend on the pump wavelength. The
ZDW of the sensor, Acap, and the activated sensor, Apio, are shown as vertical solid lines. The
MI based sensor is clearly highly tunablein the sense that with only slight changesin the pump
wavelength one can significantly tune the sensing wavelength, i.e., the Stokes and anti-Stokes
wavelengths. Thisis an inherent property of M1 when pumping close to the ZDW. The Stokes
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Fig. 5. Stokes and anti-Stokes wavelengths vs. pump wavelength for the HNL fiber with
peak power By = 500W. Vertical lines mark the ZDW of the sensor, Acsp, and the activated
SENSsor, Apiq. Solid (dashed) lines show the Stokes and anti- Stokes wavel engths of the sensor
(activated sensor). The black dotted line indicates the pump wavelength. Blue (red) color
indicates the Stokes (anti-Stokes) peak. Left: Air in the holes. Right: Water in the holes.

wavelength is seen to rapidly move away from the pump wavelength as the pump is moved
further into the normal dispersion region. Thus, when pumping at 1064nm, the sensor config-
uration with water in the holes cannot use the Stokes band for detection, as aready discussed.
However, pumping around 1150nm, the water-configuration could be applicable.

The actual shift, and thus the sensitivity, is not visible in Fig. 5. We therefore show this
separately in Fig. 6, where the ZDW of the clean HNL fiber, A, isalso included for reference,
along with those of the sensor and the activated sensor. Thelargest shift dueto the capture of the
biolayer is seen to occur when pumping just inside the normal dispersion region of the sensor
and it always occursfor the Stokes line. Thus a maximum shift of 13nm can be obtained for the
Stokes line in the air-configuration (pumping at optimum 1054nm), whereas a huge 43nm shift
can be obtained for the Stokes line in the water-configuration (pumping at optimum 1146nm).
The much larger shift with water in the holesis explained by the smaller slope of the dispersion
curve (see Fig. 3) giving a steeper slope of the Stokes and anti-Stokes wavelengths as function
of pump wavelength (see Fig. 5). A shift of 43nm would give a sensitivity of 8.6nm/nm, which
is more than afactor of 6 higher thanin [28].

45¢ Air 45¢ oL Water 1
35 35"
E E
= k=H
.§ 251 §25*
3 3
£ 13
< <
315 Cofee 3 15
3
5/ SR 1 5r
I
1020 1040 1060 1080 1120 1140 1160 1180
o [nm] xo nm

Fig. 6. Wavelength shift vs. pump wavelength for the HNL fiber with peak power Ry =
500W. The red dashed (blue solid) line shows the shift of the Stokes (anti-Stokes) peak.
Vertical lines mark the ZDW of clean fiber, Az, the sensor, Acap, and the activated sensor,
Apio- LEft: Air in the holes. Right: Water in the holes.
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Before getting all excited we need to consider the gain in the M| process, since our sensor
fiber cannot be too long in order to limit the sample volume. The maximum gain of the activated
sensor, when pumping at 1064nm with 500W, is seen to be 22.0dB/m for the air-configuration
and 17.5dB/m for the water configuration. The differencein gain is because the different struc-
tures have different effective areas, A¢;. If we want a maximum fiber length of say 50cm, then
about 20dB/m might not be enough to obtain a detectable signal. From Eg. (1) we know that
the maximum gain gmax = ¥Po is proportiona to the pump peak power. However, the phase-
mismatch, x, and thus the Stokes and anti-Stokes wavelengths, also depend on the power. In
Fig. 7 we therefore detail the dependence of the sensor on the pump power. We choose the
air-configuration and pump at Ao = 1054nm, at which the peak sensitivity of 13nm is obtained.
The dependencefor the water configuration with maximum sensitivity is qualitatively the same
and therefore not shown.
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Fig. 7. Influence of peak pump power R, for the HNL fiber with air in the holes and pumping
at Ap = 1054nm. Left: Stokes and anti-Stokes wavel engths of sensor (solid blue) and acti-
vated sensor (dashed red). Middle: shift of Stokes (dashed red) and anti-Stokes (solid blue)
wavelengths. Right: maximum gain of sensor (solid blue) and activated sensor (dashed red).

InFig. 7 thelinear dependence of the maximum gain on the pump peak power is clearly seen.
We also see that as the power is increased the Stokes and anti-Stokes wavel engths move away
from the pump and the shift decreases. However, the decrease in the shift saturates and thusit is
advantageous to increase Py as much as possible, of course without initiating supercontinuum
generation and without burning the fiber and destroying the biomolecul es.

The initial investigation of the commercial HNL fiber has thus revealed a couple of inter-
esting points. In the air-configuration and pumping around 1054nm with 500W peak power,
a shift of about 13nm can be obtained, which is twice the sensitivity obtained in [28]. More
importantly, a sensitivity of 43nm could potentially be obtained in the water-configuration, if
one could pump at 1146nm. In the following section we optimize the sensor for operation at
1064nm by changing the airhole structure of the MOF. The important point will be whether the
huge 43nm shift in the water configuration can be maintained when changing the structure to
have ZDW around 1064nm.

5. Optimization of sensitivity for pumping at 1064nm

We now want to optimize the triangular hole pattern of the MOF so as to achieve a maximum
shift when pumping at 1064nm. From the study of the HNL fiber we know that the maxium
shift occurs when pumping somewhere in between the ZDW of the clean fiber and the ZDW of
the sensor. Unfortunately the optical propertiesand the exact thickness of the biolayers, are not
well-defined and depend, e.g., on the orientation of the molecules relative to the hole surface.
However, the ZDW of the clean fiber is a well-defined quantity, which is close to the optimum
and can be calculated for a given hole structure.

We therefore map out the values of the pitch and hol e diameter, for which the MOF hasZDW
at 1064nm. To be able to perform biochemical reactions inside the holes and have reasonable
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filling times, the hole diameter cannot be too small. From earlier work with filling MOFs with
liquid crystals we have found that a minimum hole diameter of 1um is appropriate. For agiven
value of the hole diameter between d = 1um and d = 4um we have calculated the optimum
value of the pitch, as the one for which ZDW is 1064nm. The optimum values of the fiber pa-
rameters are shown in Fig. 8. Importantly we have found that for hole sizesbelow d = 1.75um
one cannot achieve ZDW at 1064nm with water in the holes. This is why the curve for water
startsat d = 1.75um.
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Fig. 8. Hole diameter, d, and pitch, A, for which atriangular silicaMOF has ZDW at Ao =
1064nm. The solid red (blue) curve indicates the parameters with air (water) in the holes.
Fibers with parameters above (below) this curve have ZDW above (below) Ag = 1064nm.
The solid straight line indicates the boundary d = A, below which the parameters are not
physical. The dashed straight going through the HNL parameters indicates a scaling down
of the commercial LMA-15 fiber (both indicated with acircle).

Let usfirst consider the air-configuration: For the set of optimal parameterswe plot in Fig. 9
how the effective area, the maximum gain, the Stokes and anti-Stokes wavelengths, and the
shift, depend on the hole size of the MOF. As expected we see that the effective area decreases
down to about 13um? as the hole size decreases. This means that the nonlinearity parameter
y increases and thus that the M1 gain increases up to a value of about 24dB/m. The obtainable
shift increases with a decreasing hole size, which is to be anticipated, because the relative
change in the hole size by capturing a 5nm biolayer increases when the hole becomes smaller.
The maximum shift of 60nm, obtained for d = 1um, comes with the added benefit of having
the largest gain. Thisis asignificant shift, but unfortunately the gain is only 24dB/m.

Let us now consider the water-configuration, for which Fig. 10 shows the optimum sensor
parameters as Fig. 9 did for the air-configuration. The trends are here completely the same as
with air, with both the gain and the shift increasing as the hole size is decreased. However,
aready at a hole size of d = 1.75um the gain is more than 40dB/m and the Stokes shift is
52.2nm, where the corresponding values for air was about 20.6dB/m and 10nm, respectively.
Unfortunately, as aready discussed, d = 1.75um is the smallest hole diameter for the water
configuration, for which aZDW of 1064nm can be reached.

The optimization has thus revealed that the largest gain is about 40dB/m, which is obtained
in the water configuration. In contrast the largest shift of 60nm in the Stokes wavelength was
obtainedin theair configuration. However, thislarge shift wasfor asmall holesize of only 1um,
for which doing rapid bio-chemical reactions inside the holes could prove problematic. We
therefore consider the MOF withd = 1.75umand A = 2.56umin the water configuration asthe
optimum sensor, for which we predict a gain of 40dB/m and a shift of 52.2nm, corresponding
to a sengitivity of 10.4nm/nm, a factor 7.5 better than the hitherto best sensitivity [28]. In the
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Fig. 9. Sensor parameters vs. hole diameter d for optimized air-configuration when pump-
ing at 1064nm with power Ry = 500W. (a) Effective area of the sensor (b) Maximum gain
of the sensor; (c) anti-Stokes (blue) and Stokes (red) wavelengths for sensor (solid) and
activated sensor (dashed); (d) Shift of the anti-Stokes (blue) and Stokes (red) wavelengths.

next section we perform direct numerical modelling to verify the functionality of the sensor.
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Fig. 10. Sensor parameters vs. hole diameter d for optimized air-configuration when pump-
ing at 1064nm with power Ry = 500W. (a) Effective area of the sensor (b) Maximum gain
of the sensor; (c) anti-Stokes (blue) and Stokes (red) wavelengths for sensor (solid) and
activated sensor (dashed); (d) Shift of the anti-Stokes (blue) and Stokes (red) wavelengths.
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6. Verification of operation through direct numerical modelling

We now verify the predicted sensitivity through direct numerical modelling. Since we deal with
long picosecond (ps) pulses and want fiber lengths just long enough to generate a detectable
Stokes and anti-Stokes line, but short enough to avoid any other nonlinear effects, such as
supercontinuum generation [37], we can neglect the Raman effect, self-steepening, and linear
loss. This simplifies the model to the standard Nonlinear Schrodinger (NLS) equation with full
dispersion [9]

A & iMBm dMA 5

= +W§2 por aTm+y|A\ A=0. ©)
Here A= A(zt) istheenvelope of the optical field and B, arethe dispersion parametersalready
defined. The nonlinear coefficient is y = N,/ (CA) Where np = 2.6 x 10~2°m? /W for silica
and the pump wavelength is Ao = 1064nm. The effective areawill be given at each simulation.
Timet is as usual measured in a frame of reference moving with the group-velocity of the
carrier wave [9]. We pump with a Gaussian shaped pulse with an intensity full width at half
maximum (FWHM) of 7ps. Theinitial condition is therefore

2
A0t) = /Py exp (—%02) 4

where Py = 500W isthe peak power and To = 7ps/+/In(16). We use a split-step fourier method
programmed in Matlab with Ny = 28 discretization points and a time window of 80 pulse
widths. The temporal resolution is thus dt = 80Ty/N; = 1.3fs. We use a constant steplength
short enough to conserve the energy to within 101 of theinitial value for al runs. Finally we
use a noise seed of one-photon per mode [38, 39].
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Fig. 11. Evolution of the power spectral density, S(z, 1), inaMOF with holesized=1.75um
and A=2.56um (optimum in water configuration), pumped at 1064nm with 7ps intensity
FWHM pulses with 500W peak power at a repetition rate of 80MHz. S(z, 1) at different
propagations lengths for the sensor () and the activated sensor (b). (c) S(z, 4 ) after z=z50cm
for the sensor (blue) and the activated sensor (red). Vertical lines are M1 predictions.

In our optimization we found that the best sensor performance is obtained in the water con-
figuration with a MOF with hole size d = 1.75um and pitch A = 2.56um. For this fiber the
effective area is Agr = 8.16um? for the sensor and A = 8.22um? for the activated sensor.
We keep the moderate peak power Py=500W, knowing that the gain can always be increased
by increasing the power. The results are shown in Fig. 11, where we plot the power spectral
density S(z,A ), defined as

Amax Cfrep 2
[ sz =Py = Sza)=SPIAZYIP, (5)

Amin

wherev =c/A isthefrequency and frep istherepetition rate of the pump laser. Thustheintegral
over the avail able wavelength regime of the power spectral density is the average power of the
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pump laser. Here we assume a repetition rate of f,,=80MHz. The tilted noise floor is due to
the one-photon-per-mode seed. In the plotting the spectra have been averaged. The numerical
results show that in the sensor the anti-Stokes and Stokes waves are generated around 923.7nm
and 1254.5nm, respectively. In the activated sensor we observe that the anti-Stokes and Stokes
waves are generated around 897.5nm and 1306.3nm, respectively. This give a Stokes shift of
52nm, which confirms the predictions of our M| calculations from Fig. 10.

7. Conclusion

In conclusion we have demonstrated that truly label-free and selective fiber-optical biosensing
is possible using the nonlinear process of modulational instability (M) in a microstructured
optical fiber (MOF). The detection processis carried out inside the holes of the MOF and the
nonlinearity isinherent to the fiber. This meansthat the sensor is highly robust and that no post-
processing of the fiber is necessary. The sensor operates by detecting the center wavelength of
the Stokes (or anti-Stokes) band generated by M1 and how it shifts when the sensor captures a
layer of biomolecules. We show that optimum sensor operation with a maximum shift requires
pumping close to the zero-dispersion wavel ength of the MOF.

Considering as an example a standard triangular MOF and pumping at 1064nm we have de-
vised appropriate design guidelines for optimizing the sensor for maximum shift and maximum
MI gain. In the air configuration, where the holes are pumped through with air after sampling,
we found the optimum hole structure to have a hole diameter of d = 1.00um and a pitch of
A = 2.80um, leading to a shift of 60nm with a gain of 24dB/m. In the water configuration,
where the holes are flushed through with water after sampling, we found the optimum diameter
and pitch to be 1.75um and 2.56um, respectively, leading to a shift of 52nm with a gain of
40dB/m. These shifts were obtained with a peak pump power of 500W, but we have shown that
choice of pump power isnot critical and that the pump power may be increased to increase the
gain, without significant penalty in the shift. We note, however, that at high powers the heat-
ing of the sensor due to the pumping, could become an issue that would need to be taken into
consideration.

Opting for larger holes to ease bio-chemical reaction proceduresand reduce preparation time
and for maximum gain to get a good detectable signal in as short a length as possible, we have
finally used direct numerical modelling to verify the operation of the sensor in the predicted
optimum water configuration with d = 1.75um and A = 2.56um. Our results verified that
indeed a Stokes shift of 52nm due to the capture of a 5nm thick layer of biomolecules could be
achieved and detected in a 50cm MOF. This corresponds to a sensitivity of 10.4nm/nm, which
is 7.5 times better that the hitherto only reported |abel-free fiber-optical biosensor [28]. With
the standard 5 rings of holes this optimum 50cm M OF would require 100 nanoliter of sample.

Using the resonant generation of Stokes and anti-Stokes waves through M1 is not limited to
biosensing, but can of course equally well be applied to refractive index sensing, just as for
example MOF sensors based on Bragg or long-period grating [27].

Acknowledgments

We would like to thank Lars H. Pedersen from Bioneer A/S for discussions about the appropri-
ate thickness of the biolayers and Michael Frosz for discussions about the simulations.

#102062 - $15.00 USD  Received 29 Sep 2008; revised 26 Nov 2008; accepted 26 Nov 2008; published 2 Dec 2008
(C) 2008 OSA 8 December 2008/ Vol. 16, No. 25/ OPTICS EXPRESS 20847



