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Abstract:

We report in this paper on the application of over coupled long period fibre gratings (OCLPFGSs)
to detect small changes in the surrounding refractive index (SRI). In addition, the optimization of
a high RI (HRI) overlay deposited over the fibre for the adhesion of biological species is described.
In this investigation, we used a sol-gel-based silica-titania thin film as HRI material deposited on
the grating portion by the simple and versatile dip-coating (DC) technique. The OCLPFG-based
sensor was manufactured in such way that the resonant band retains good visibility (near the
maximum coupling condition) in the transmission spectrum even after high thermal sintering of
the coating material. Three different batches of OCLPFGs were produced using different
withdrawal speeds and sol viscosities. By carefully tuning both the overlay thickness during the
DC process and the RI of the sol-gel material during its preparation, it is possible to bring the
sensor in the so-called transition mode working region, and thus to maximize the sensing
performance in terms of SRI changes. All the devices were characterized as optical refractometers
in the RI range of interest for a bio-sensing application (from 1.33 to 1.34) and, after a suitable
bio-functionalization process, one of them was used to implement a classical receptor-analyte
biosensor.
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1. Introduction

In recent years, long period fibre gratings (LPFGs) are becoming increasingly popular for label
free bio-sensing applications [1-7]. The basic idea is to immobilize a selected biological species,
termed as receptor, onto the fibre surface of the LPFG and hence to quantify the binding interaction
with the specific analyte by measuring a signal change, i.e. the wavelength shift of the LPFG
resonant band. In general, taking advantage of its resonant coupling between the fundamental core
mode and the cladding modes, LPFGs are able to sense a change in the surrounding refractive
index (SRI) in real time, thus representing one of the easier and most effective method for the
label-free detection of target analytes, such as bio-molecules [8]. It was proved that conventional
LPFG-based sensors, although successfully applied in this field [3], need improvement in terms of
RI sensitivity for a better and more accurate detection of very low concentrations of analyte:
actually, when a LPFG is used for bio-sensing applications, the surrounding medium or the analyte
solvent is mostly either water or a buffer solution, such as phosphate-buffered saline (PBS), having
a RI close to that of water. Therefore, the method of etching or side polishing the LPFG region is
not effective in this field of application because the inherent sensitivity of the resonant cladding
modes around the RI of water is very low [9], even if higher order modes beyond LPg 10 are
considered. A sensitivity of ~1000 to ~1500 nm/RIU can be obtained using specially designed
LPFG sensors with a dual-band resonance at the so-called turn-around-point (TAP) of the cladding
mode [10]. The main issues of this kind of grating are that the bandwidth of the resonance at the
TAP is larger and increases with the order of cladding mode and, when the resonance splits into
two resonances beyond the TAP, the total bandwidth to monitor is huge going roughly from 1200
nm up to 1700 nm. This requires the use of broadband white light sources (e.g. a halogen lamp),
which have very low power spectral density. These aspects strongly affect the measurement
accuracy and resolution [11]. Therefore, the most interesting approach to enhance the RI sensitivity
was found to be the deposition of a thin film overlay with a RI higher than that of the fibre cladding
material. This allows the resonant mode of interest to operate around its transition region where,
depending on the mode, on the RI of the overlay material and on its thickness, the resonance
wavelength shift can be made large enough and hence a great increase in the detection sensitivity
is feasible [5]. In this condition, the cladding modes shift their effective R1 (ERI) to higher values
and, when the overlay is thick enough, one of the cladding modes starts to be guided by the overlay:
the mode with the highest ERI (lowest order cladding mode) becomes guided. This causes a re-
organization of the ERI of all modes [5].

Different methods are available for the deposition of a thin film onto the LPFG surface, such as
the Langmuir-Blodgett (L-B) technique, ionic self-assembled multilayer (ISAM) of thin films and
electrostatic self-assembly (ESA) methods. The use of these technique is not so frequent for bio-
sensing applications because of the cost involvement and their poor mechanical and thermal
stability [1]. Moreover, it is worth mentioning the atomic layer deposition (ALD) [12] and radio
frequency plasma-enhanced chemical vapour deposition (PECVD) [13] techniques as hanometre
scale precision methods. In addition, the techniques of photolithographic microfabrication (i.e. wet
etching, dry etching and resist-based) [14] surely represent other alternatives. Finally, the dip-
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coating (DC) technique is another simple and versatile option since it allows depositing a thin film
with just one fabrication step.

Given the intrinsic porous nature, the use of sol-gel derived coatings can improve the surface
coverage for the attachment of a larger amount of molecules. For instance, silica-titania sol-gel-
based materials are widely used in different applications, such as the fabrication of photonics
waveguides, because of their adjustable RI (from 1.5 to 1.9) and their easy deposition on glass.
The annealing post-process of these materials on glass substrates is conducted at high
temperatures, ranging from 450 °C to 600 °C. The mixing ratio of titania sol with the silica sol is
important because the composite material RI can be tuned by mixing the two sols at a proper ratio
[15,16]. In addition, high temperature annealing of the sol-gel-based material, which tends to form
oxides, is very compatible with glass surface. It also enables to obtain for example oxides in the
form of layers, powders, monoliths or fibres. Moreover, the combination of these materials with
the DC technique can provide a lot of advantages, such as simplicity, versatility and cheapness
towards mass production. Therefore, this approach can be successfully applied for sensing
purposes due to their properties such as transparency, porosity and high surface coverage areas.

LPFGs coated with SnO> sol-gel-based materials were firstly used for gas sensing because of the
sol-gel porosity, which allows gas to penetrate inside the sol-gel material and thus to change the
optical characteristics in terms of optical power or wavelength [17]. SRI sensitivity of roughly
1067 nm/RIU in the range of 1.42-1.44 has just been experimentally shown based on silica (SiO-,
Rl ~1.42 to 1.43) and titania (TiO2, Rl ~ 1.91 to 1.96) sol-gel-based materials [18] without tuning
the film thickness to get it at the transition point of the cladding modes. A novel scheme of high-
sensitivity relative humidity (RH) sensor based on cascaded chirped LPFG and sol-gel derived
TiO2/SnO, composite films has been demonstrated with a wavelength shift of 12.37 nm for RH
varying from 40% to 95% [19]. A TiO»-based nanoparticles thin film was also deposited over an
optical fibre to make a Fabry-Perot sensor and it was shown that the developed sensor can be used
as an optical refractometer by monitoring the shift of the interference fringes in the reflection
spectrum [20]. They achieved a SRI sensitivity of 69.38 dB/RIU over the RI range 1.333-1.457.
Finally, a fibre-optic pH sensor was also demonstrated using sol-gel-derived TiO; film doped with
organic dyes [21].

Here, we discuss in detail the use of the silica-titania sol-gel-derived materials as HRI (1.680-
1.700) overlay deposited on the fibre surface by the DC process. For this purpose, over coupled
LPFGs (OCLPFGs) as sensing devices were used instead of standard gratings. The film thickness
is optimized to allow the OCLPFGs to work in modal transition when the surrounding environment
is a biological solution (RI ~1.334). After the thin film deposition over fibre portion containing
the OCLPFG, the sensor was annealed at high temperature (~450 °C) to sinter the mixed sol and
also to bring the OCLPFG at the maximum coupling condition with enhanced transmission
contrast. Three different batches of OCLPFGs have been produced using different withdrawal
speeds for the optimization of the coating thickness and to compare their sensitivity in terms of
volume SRI changes (nm/RI1U). With one sample, a sensitivity approaching 7000 nm/RIU has been
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attained considering the LPo7 cladding mode within its modal transition region. The same sensor
has also been used to implement a classical receptor-analyte (IgG/anti-lgG) assay by properly
functionalising the fibre surface. The proposed HRI sol-gel coated OCLPFG-based device can be
used as a feasible and effective biosensor.

2. Background Theory and Simulations

Coupled mode theory offers a practical and simple way of predicting and understanding how an
LPFG behaves [22]. Using this approach, the wavelength of the attenuation peaks (i.e. the
(resonance wavelength) present in the transmission spectrum of an LPFG can be calculated
considering the phase matching condition of the modes [22]

Ares = (L, =0T A (1),

core clad,m

where A, is the resonance wavelength, A is the grating period, and nﬁgfe and n(‘f{fd'mare the ERIs
eff

of the fundamental core mode and the m-th cladding mode, respectively. While n.);. is

independent of the SRI (or ng,,), ni{({d,m strongly depends on it since the light travelling in the

fibre core does not directly interact with the surrounding medium and only the field of cladding
modes extends out to the surroundings. Therefore, the change in the SRI will affect the cladding
mode ERI and hence A,.,. The higher order cladding modes show higher SRI sensitivity than
lower order ones since their fields extend mostly to the surroundings (larger penetration depth of
the evanescent wave) [8]. In general, the A,.¢o0f the cladding mode shifts towards shorter
wavelengths (blue shift) when the SRI goes from air to the RI of fibre cladding; conversely, the
Ares Shifts towards longer wavelengths (red shift) when the SRI is greater than the fibre cladding
RI (> 1.45) [9].

As touched in the Introduction, when an overlay with a RI greater than that of the fibre cladding
is deposited over the fibre, there are important variations on the resonance condition of eq. (1),
which lead to dramatic shifts of the A,..¢ if the coating is thick enough to bring one cladding mode
to the guidance condition within the overlay [5]. In order to increase the SRI sensitivity of a
particular cladding mode for a specific application, the RI and thickness of the overlay material
should carefully be chosen. In fact, the 4,..; shift is maximum when the ERI of the mode is half of
its original value and the original ERI of the next lower cladding mode before the film deposition.
This condition defines the optimum overlay thickness (OOT) to bring any cladding mode in its
modal transition region. The value of the OOT depends not only on the previous parameters, but
also on the SRI in which the measurement is carried out. In a general design rule, the first selection
concerns the overlay RI considering the air as SRI. This allows to define the amount of material
that is necessary to deposit and the device sensitivity. If the SRI is water, then the thickness of the
overlay material has to be changed to reach the OOT in order to reach the highest sensitivity region.
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By using the well-known transfer matrix method, it is possible to evaluate the OOT for different
SRIs, such as air or solutions normally used in bioassay experiments, like PBS (Rl = 1.334). The
ERI of the selected cladding mode (in this case LPo7) shifts to the lower order cladding mode
(LPos), when the overlay thickness increases. As shown in Fig. 1, the LPoz mode will be within its
modal transition region for a thickness of 350 nm when the SRI is air (Rl = 1.000) and the overlay
Rlis 1.6 (black squares). At that thickness, the mode will nearly overlap with the lower order mode
when the SRI is PBS, which is not the desirable working condition around the transition point as
shown in Fig.1. The same phenomenon can be observed for different overlay Rls: 1.6 (squares),
1.68 (triangles) and 1.8 (stars). Fig.1 also shows that a higher overlay RI requires a lower value of
the film thickness to reach the mode transition condition when the SRI is PBS. Therefore, the
second and final design rule clearly states that, when the overlay RI and the working SRI are
chosen, the overlay thickness plays the crucial role.
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Fig. 1. Calculation of LPo7 ERI with the increase of overlay thickness for difference Rls (1.600, 1.680 and

1.800) when the surrounding RI is air (ns~1.000) or PBS (ns»~1.334) mimicked the biological
environment.

3. OCLPFG fabrication

In general, standard LPFGs can be fabricated using two different inscription techniques, such as
amplitude mask or point-by-point, with the help of different sources, such as CO> lasers,
femtosecond lasers or UV lasers. With the first inscription technique, the grating length L is fixed
and the condition of under or over coupling for a particular mode can be tailored by adjusting the
cumulative UV exposure, which implies adjusting the RI modulation (An) in the fibre core that
modifies the coupling coefficient (k). The second approach allows a wider customization of the
grating parameters. Therefore, LPFGs were fabricated using the second writing technique with an
UV KIrF pulsed excimer laser (BraggStar 500, TUI laser, Germany) working at 248 nm. LPFGs
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were inscribed in a hydrogen loaded (1500 psi for 24 h at 100 °C) standard SMF28e fibre (Corning
Inc., USA) with A equal to 340 um.

Fig.2 sketches the power transfer between core and cladding modes of a standard LPFG as a
function of the coupling constant k-L. It is worth reminding that the maximum coupling condition
in standard LPFGs states «-L = /2 (B point). However, in order to fabricate OCLPFGs with a
grating length of about 35 mm, the UV fluence was adjusted in such a way that the LPo7 cladding
mode could be over coupled (x-L >> ) and the coupling constant k-L. was pushed within 5n/4
(between C and D points). This special type of strongly OCLPFGs found significant application
in SRI sensors, especially where the SRI is greater than the fibre cladding RI [23,24]. Another
advantage is that UV induced OCLPFGs can also be used after high temperature annealing
processes up to 500 °C — 600 °C, that normally make unusable standard LPGs, by optimizing the
initial over-coupling in order to have the maximum coupling strength after the annealing. In fact,
if the initial coupling strength is in between m and 5n/4, after the high temperature annealing
process, a good coupling strength of roughly 15-20 dB (resonance transmission loss) can be
obtained, which is surely an important parameter in RI-based sensing applications as a narrower
and deeper bandwidth of the resonance implies a lower standard deviation associated to the
detection of the resonance wavelength [8,10].

Fig. 2. Power transfer between the core and any cladding mode in LPFGs as a function of coupling constant
k-L.

As an example, Fig.3 details the spectrum of an OCLPFG after its fabrication where LPo7 is placed
at ~1700 nm, outside the wavelength range (cyan curve). For a strongly over coupled condition,
the lower order modes, LPo2 and LPo3, show good attenuation strengths of about ~7.5 dB and ~11
dB, respectively. This amount of strength for lower order modes could not easily able to be
obtained in standard fabricated LPFGs where «-L ~ /2 (maximum coupling condition). Strongly
OCLPFGs were then annealed at 550 °C for 2.5 hours. The reasons for this are essentially two:
first, the grating stabilisation so that it can be safely used for the sol-gel coating that requires the
grating to be heated at around 450 °C for the sol sintering; second, the reduction of the UV induced
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An by thermal treatment so that «-L for LPo7 cladding mode can be brought near n/2 to get the
maximum visibility of the resonance in the transmission spectrum at the end of the fabrication
process, as shown in Fig. 3 looking at the resonance evolution (from the blue curve up to the black
one).
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Fig. 3. Grating spectra during the fabrication steps at different over coupled conditions corresponding to

the points of Figure 2. The evolution of the resonance of interest at longer wavelengths (LPo; cladding
mode) is clearly detailed.

Three different batches of OCLPFGs have been produced using different withdrawal speeds
(details in the next Section) during the deposition of the sol-gel overlay by DC for the optimization
of the coating thickness. 1,..; and transmission loss of the previous grouped OCLPFGs are shown
in Fig. 4 (after annealed in red dashed curves, before annealing in black curves) with the peaks at
longer wavelengths corresponding to the LPo7 cladding mode. Fig. 4a, 4b and 4c belong to the
OCLPFGs of the first (OCLPFG-1), second (OCLPFG-2) and third (OCLPFG-3) batches,
respectively. Table 1 collects the measured values of 4,..; and transmission loss (dB) for both the
LPos and LPo7 modes considering all the three batches.
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Fig. 4. Measured spectra of an OCLPFG sample from batch 1 (a), of an OCLPFG sample from batch 2 (b)
and of an OCLPFG sample from batch 3 (c), before (black curve) and after (red dashed curve) the high
temperature annealing process.

Table 1. Resonance wavelengths of LPgs and LPg7 cladding modes of three different OCLPFG samples

after the annealing process evaluated from the spectra of Figure 4.

Sensor ID LPos LPo7

Ares (NmM) Transmission loss (dB) Ares (NM) Transmission loss (dB)
OCLPFG-1 1352.57 -10.6 1584.71 -16.59
OCLPFG-2 1346.15 -10.8 1571.16 -15.59
OCLPFG-3 1360.94 -9.3 1603.59 -135

4. Sol-gel preparation, film deposition and characterisation

Thin film deposition by sol-gel process is well known and this process was also illustrated in a
previous work [25]. All the chemicals and reagents along with the deposition of the silica-titania
sol-gel-derived film overlay were described in detail in our previous work [26]. However, the
titania/silica ratio of sols and the RI of the final sol-gel material are 50%:50% (w/w) and 1.698,
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respectively. To improve the sensor performance and to reach the OOT, the film thickness was
tailored by changing the precursor sol viscosity as well as the withdrawal speed (OCLPFG-1: 2.2
mm sec?; OCLPFG-2: 2.5 mm sec’l; OCLPFG-3: 2.8 mm sec™) during the film deposition. It is
noted that a single deposition step was found to be sufficient to move the selected cladding mode
into the modal transition region [5,18]. The picture in Fig. 5a shows both a vial containing the
prepared precursor sol (on the left) and a special aluminium fibre holder with grooves for keeping
straight the OCLPFG samples during the annealing process (on the right). As can be seen from
Fig. 5a, it is possible to perform the annealing process with several fibre samples in parallel since
the holder consists of a few grooves. The DC machine (Model n. HO-TH-01, Holmarc, India) used
for the deposition of the film overlay is depicted in Fig. 5b. The control panel on the right allows
customizing the parameters of the DC process.

OCLPFG
sensor holder

Sol-gel

b

Fig. 5. Picture of the precursor sol (sol-gel material) and the fibre holder (a) used during the annealing
process and of the dip coating machine used to deposit the film overlay onto the OCLPFG surfaces (b).

The OCLPFGs fixed within the previously mentioned holder were heated in a furnace (MTI
furnace, USA) to transform gel into oxide film. During the heat treatment, the temperature of the
furnace was increased from 26 °C to 450 °C at a rate of about 1.2 °C min; afterwards, the samples
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were kept at 450 °C for about 2.5 h. Later, the furnace temperature was slowly cooled down with
the same rate to avoid any cracks due to thermal shock.

As an example, Fig. 6 accounts for the measured spectra in air before (black curves) and after (red
dashed curves) the deposition of the sol-gel-derived film overlay. Again, Fig. 6a, 6b and 6¢ belong
to the OCLPFGs of the first (OCLPFG-1), second (OCLPFG-2) and third (OCLPFG-3) batches,
respectively. Table 2 reports on the measured values of the A, shift before and after the DC
process for both LPos and LPo7. As discussed in Section 2, the value of both the A, is important
to bring the considered cladding mode in its modal transition region.
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Fig. 6. Measured spectra in air before (black curves) and after (red dashed curves) the deposition of the sol-
gel-derived film overlay related to an OCLPFG sample from batch 1 (a), to an OCLPFG sample from batch
2 (b) and to an OCLPFG sample from batch 3 (c).

Table 2. Resonance wavelength shift measured in air and evaluated from the spectra of Figure 6 before and
after the deposition of the silica-titania sol-gel-derived film overlay for both LP¢ and LPo; modes
considering the three different OCLPFG samples.

| | | LPoe | LPO?
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Sensor W|thdrawa| Ares (nm) Ares (nm) Ares Shift (nm) Ares (nm) Ares (nm) Ares Shift (nm)
ID speed before after in air, blue before coating after coating in air, blue
coating coating shift shift
(mm/sec)
OCLPFG-1 2.2 1352.57 1349.42 ~3.1 1584.71 1571.18 ~13.7
OCLPFG-2 25 1346.15 1340.88 ~53 1571.16 1554.164 ~16.8
OCLPFG-3 2.8 1360.94 1351.52 ~94 1603.59 1582.59 ~21.0

5. Sensitivities characterisation and analysis
5. 1 Temperature sensitivity

A standard LPFG is more sensitive to temperature changes than a fibre Bragg grating because the
shift of the A1, due to temperature changes depends on the difference of ERIs of core mode and
cladding modes (i.e. the thermo-optic coefficient) [9]. The resonance wavelength can shift towards
longer (red shift) or shorter (blue shift) wavelengths depending on the doping materials and the
concentration of those doping materials in the fibre core during its fabrication. For instance, LPFGs
fabricated in a germanium-doped silica fibre shows a red shift with the temperature increase,
whereas LPFGs fabricated in a germanium-boron co-doped silica fibre exhibits a blue shift. The
temperature sensitivity coefficient of the realized OCLPFGs with and without the sol-gel overlay
was achieved with the help of a thermo-electric cooler (TEC) controller-based system and a Peltier
cell. The fibre samples were placed in contact with a stainless steel plate (SS-316), which in turn
was placed on the Peltier cell. The temperature was changed from 20.4 °C to 27.4 °C with steps of
1 °C through the controller unit. Fig. 7 shows the evaluated temperature sensitivity of both the sol-
gel coated (red line) and not coated (black line) OCLPFGs considering the same cladding mode

LPo7. The coated sensor shows a slightly higher temperature sensitivity (~77.5 pm °C™?) than the

not coated one (~61.9 pm °C™) because the nﬁ{fd and the thermo-optic coefficient are slightly

changed due to the presence of the sol-gel overlay. The same experiment was carried out with
samples of the three batches showing comparable results within 1% of error (data not showed).
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Fig. 7. Temperature sensitivity characterisation of sol-gel coated (red) and not coated (black) OCLPFGs
for LPo7 mode.

5.2 Volume SRI sensitivity

The LPFG sensitivity to SRI changes is due to the interaction of the evanescent wave, which
extends out of the fibre surfaces only hundreds of nanometres (100-500 nm), with the surrounding
medium. For this reason, the response of a LPFG sensor to a volume RI variation (i.e. Rl change
of the solution surrounding the fibre), is different from the response to a bio-molecular interaction
immobilized onto the fibre surface [8]. However, a volume RI sensitivity test using NaCl solutions
at increasing concentrations from wt. 0% (deionized water, 1.333 RIU) up to wt. 0.6% (1.3341
RIU) with step of 0.1% wt. was performed to investigate the complete behaviour of the sensors.
The temperature of the experimental micro fluidic system that contains the sample in a straight
condition (no bending or axial strain occur during the measurements) was fixed at 23 °C. A sample
from the second batch (OCLPFG-2) was chosen for this experiment and a SRI sensitivity of
roughly 7075 nm RIU™ was obtained. Fig. 8a and 8b show the spectral evolution and the related
linear response curve for different wt. percentage of NaCl solutions, respectively. It is worth
noticing that the standard deviation of the experimental points (~15 pm) of Fig. 8b is smaller than
the symbols’ dimension.

a) b)
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Fig. 8. Measured spectra of sol-gel coated OCLPFG from batch 2 during the SRI sensitivity test using
different NaCl solutions (a). Response curve (4,..¢ vs. SRI) of same sample with the linear fitting curve and
the obtained SRI sensitivity (b).

6. Thickness and RI optimization of silica-titania sol—gel thin film

As discussed in the Introduction, the SRI sensitivity of LPFGs can significantly be enhanced when
the sensor works in the modal transition region. The behaviour of the LPo7 cladding mode as a
function of the thickness of the sol-gel film overlay was calculated considering an overlay RI of
1.698 RIU and the PBS buffer solution (1.334 RIU) as surrounding medium. The simulated curve
(black) shown in Fig. 9 demonstrates that the sensors can work around the most sensitive linear
region within B1 and B2 points when the overlay thickness is comprised between 140 nm to 175
nm. In this way, the LPo; mode will be in the modal transition region when the surrounding
medium is PBS and the sensor will show the higher SRI sensitivity when the biochemical
interaction between the target analyte and the sensing layer takes place.

— —
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Fig. 9. /7 vs. overlay thickness simulated curves for the LPo; cladding mode when an OCLPFG is coated

with the sol-gel material within two SRIs and considering an overlay RI of 1.698: air (red curve) and PBS
(black curve).
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Based on these simulations following the general approach described in [27], the thickness of the
silica-titania sol-gel-based film overlay was optimized by varying the viscosity of the sol and the
withdrawal speed during the film deposition. However, from a practical point of view, the overlay
RI can slightly vary from the desired value depending on the sol composition, on the ageing time
of sol that can directly influence the sol viscosity and on the curing temperature [14,15,25]. In
order to evaluate the sensor dependence on this parameter, the ERI of LPo7 mode was simulated
as a function of the overlay thickness, considering a £1% change in the overlay RI (from 1.681 up
to 1.714) and considering PBS as surrounding medium. The results are presented in Fig. 10. The
+1% variation on the overlay RI changes just slightly the sensitivity without shifting too much the
sensor from the most sensitive region. Considering this variation, a tolerance on the overlay
thickness of about 25 nm can be predicted. Since the DC technique cannot be considered a
nanometre scale precision method like others, this value of tolerance allows keeping the sensors
within the most sensitive modal transition region.

| .
1.44255- Mode: LP

| —m—Material BRI~ 1,698
| == Mhaturial R ~ 1.681
1.44240 Matarial BT~ 1.714

SRI=1.334

Thickness ( nm)

Fig. 10. n¥/7_ vs. overlay thickness simulated curves used for studying the influence of a change of 1% in

clad

the overlay RI considering the LPo7 cladding mode when the surrounding medium is a PBS solution (SRl
= 1.334) mimicked the biological environment.

Finally, the thickness of film overlay, which plays the crucial role in the SRI sensitivity
optimization, was analysed by means of a field emission scanning electron microscope (FESEM,
Supra 35VP, Carl Zeiss). Fig. 11a shows an image of the cross-section of an OCLPFG coated with
the silica-titania sol-gel film overlay (the shiny white ring surrounding the fibre) considering a
sample from the second batch (OCLPFG-2). The averaged thickness of the deposited film overlay
was measured in different portions (Fig. 11b) and was estimated to be roughly 159 nm, exactly in
the middle of the most sensitive modal transition region (black curves of Figures 9 and 10). In Fig.
11b, the red triangle indicates the silica optical fibre (darker region), whereas the blue one specifies
the silica-titania sol-gel film overlay (lighter region).
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Fig. 11. FESEM image of the cross-section of an OCLPFG coated with sol-gel-based silica-titania film
overlay (a). The image refers to a sample from the second batch. A part of the sample border highlighted

in orange was enlarged to show the film overlay and its thickness measured in three different portions giving
an averaged value of 159 nm (b).

7. Bio-sensing by using silica-titania sol-gel coated OCLPFGs

The step-by-step protocol followed to implement a classical receptor-analyte bioassay is described
in [3]. The functionalization of the fibre surface in correspondence of the coated region was
achieved by the deposition of a layer of a methacrylic acid/methacrylate copolymer (Eudragit
L100) useful for antibody (receptor) immobilization. Once the fibre surface was functionalised,
the sensor was placed inside a temperature-stabilised flow cell deeply described in [28]. All the
steps for the implementation of the bioassay were carried out using the flow cell connected to a
peristaltic pump and keeping the temperature of the flow cell at 23 °C. Briefly, we firstly activated
the surface functionalities (-COOH carboxylic groups) by a classical cross-linking chemistry (1-
Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride, EDC, and N-hydroxysuccinimide,
NHS), then we covalently immobilised the receptor (mouse 1gG, 1000 mg L in PBS). A washing
step with PBS was done to remove the un-reacted receptors and then, the surface passivation with
bovine serum albumin (BSA, 3% in PBS) was performed to block the remaining activated
functionalities and thus to prevent non-specific adsorption. The assay was finalised with increasing
concentrations of analyte (goat anti-mouse 1gG) spiked in PBS buffer and ranging from 100 pg L
1 upto 100 mg L.

The performance of the proposed biosensor was evaluated by monitoring in real time the evolution
of 1, during the injection of different concentrations of analyte (Fig. 12a). A sample from batch
three (OCLPFG-3) was used in this bio-sensing experiment. The duration of the entire bioassay,
including the receptor immobilization step, lasted several hours, but the long-term stability of the
system assures the absence of any long-term drift or fluctuation [26,28]. A limit of detection
(LOD), defined as three times the standard deviation of the blank measurement (i.e. the
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measurement at O-analyte concentration), of 0.025 mg L was achieved according to the
calibration curve showed in Fig. 12b. Each experimental point of Fig. 12b is the average of 15-20
subsequent measurements taken with flow stopped at the end of each PBS washing. This value of
LOD is half of that achieved in the same experimental conditions (PBS matrix and experimental
setup) but using an uncoated high sensitivity TAP LPFG [10].

(a) 1568 - - (b) 1567
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T f f z 1566 LOD 0.025mg L1
c ! . | c
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Fig. 12. Response of a sol-gel-based silica-titania coated sensor (OCLPFG-3) during the injection of the
analyte when the antigen (anti-1gG) is spiked in PBS at different concentrations, 0.1, 1, 10 and 100 mg L™
(). The wavelength shift is monitored in real time and all the steps are highlighted with arrows (downward
grey arrows during the PBS washing, black arrows during the anti-IgG binding interaction). Calibration
curve of the proposed biosensor (b) along with the sigmoidal fitting curve (grey).

8. CONCLUSIONS

The design, fabrication and characterisation of over coupled long period fibre grating (OCLPFG)
sensors and the optimization of high refractive index silica-titania sol-gel-based thin film as the
overlay for those sensors have been discussed in detail. The sol-gel characteristics (composition
and viscosity) and the withdrawal speed during the dip-coating deposition technique have been
optimized in order to find the best combination of RI and thickness allowing the device to work in
modal transition considering the PBS solution as surroundings mimicked the biological
environment. Annealing temperature was optimized for the particular sol-gel material composition
and for the thermal curing process to avoid the breakage of the film coating due to thermal shock.
Coated OCLPFGs with overlay thickness of roughly 160 nm and RI1 of 1.700 were fabricated and
characterised. The performance of those gratings was evaluated as both optical refractometer, in
terms of volume refractive index sensitivity, and biosensor, with the implementation of a receptor-
analyte (IgG/anti-IgG) bioassay. The best SRI sensitivity was roughly 7000 nm/RIU. Another
OCLPFG inserted into a thermo-stabilised microfluidic system was used in the 1gG/anti-IgG
bioassay experiment, achieving a LOD of 0.025 mg L in PBS matrix using a polymeric surface
functionalization over the film overlay.
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