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Schematic illustration of the light coupling inside an optical fiber LPG and of the effect of surrounding RI 
changes on the transmission spectrum. The inset shows the wavelength shift due to a binding interaction.  
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Sketch of the experimental setup together with the cross-section (a) and top view (b) of the thermo-
stabilized flow cell.  
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FESEM image of the cross-section (a) of an optical fiber coated with sol-gel based titania-silica film overlay. 
The image refers to a sensor of batch C (withdrawal speed of 2.9 mm s-1 and sol viscosity of 24.5 mPa·s) 
from which two portions highlighted in yellow (spectrum 1 in the overlay region and spectrum 2 in the fiber 

region) are used for X-EDS microanalysis. Blue-colored X-EDS spectrum of all elements present in specimen 
(b) in the film overlay region. The inset of (b) shows the red-colored X-EDS spectrum of the same sensor 

considering the fiber (cladding) region.  
102x35mm (300 x 300 DPI)  
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Response of a sol-gel based titania-silica coated LPG of batch C in human serum when the sample was 
spiked with the antigen (anti-IgG) at 0.1 mg L-1, 1 mg L-1 and 10 mg L-1. The wavelength shift ∆λres, 

highlighted in blue, is related to the blocking of surface free functionalities with BSA agent. All the solution 
exchanges are indicated with arrows (downward grey arrows for PBS buffer solution, whereas black arrows 

for all the other reagents).  
100x67mm (300 x 300 DPI)  
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Calibration curves of the proposed biosensor either in buffer or in serum obtained by using the same assay 
protocol with different sol-gel based titania-silica coated LPGs: LPGs of batches A (red rhombuses) and B 
(blue circles) by performing the assay in PBS buffer, and of batch C (black triangles) by performing the 

assay in human serum. The solid lines provide the best logistic fit of the experimental data. The inset shows 
the shift of the LPG λres at the lower concentrations of analyte.  
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Calibration curves of the proposed biosensor (IBR vs antigen concentration in logarithmic scale) obtained by 
using the same procedure but with different coated LPGs: LPG of batch A (red rhombuses) by performing 
the assay in PBS buffer, and of batch C (black triangles) by performing the assay in human serum. The 

dashed lines are the broken lines that connect the experimental points and are drawn with the purpose to 
provide a general view of the trends.  
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ABSTRACT: An evanescent wave optical fiber biosensor based on titania-silica coated long 

period grating (LPG) is presented. The chemical overlay, which increases the refractive index 

(RI) sensitivity of the sensor, consists of a sol-gel based titania-silica thin film, deposited along 

the sensing portion of the fiber by means of the dip-coating technique. By changing both the sol 

viscosity and the withdrawal speed during the dip-coating, it was possible to adjust the thickness 

of the film overlay, which is a crucial parameter for the sensor performance. After the 

functionalization of the fiber surface using a methacrylic acid/methacrylate copolymer, an 

antibody/antigen (IgG/anti-IgG) assay was carried out to assess the performance of sol-gel based 
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titania-silica coated LPGs as biosensors. The analyte concentration was determined from the 

wavelength shift at the end of the binding process and from the initial binding rate. This is the 

first time that a sol-gel based titania-silica coated LPG is proposed as an effective and feasible 

label-free biosensor. The specificity of the sensor was validated by performing the same model 

assay after spiking anti-IgG into human serum. With this structured LPG, detection limits of the 

order of tens of µg L
-1

 (10
-11

 M) are attained. 

KEYWORDS: Optical fiber biosensor, Long period grating, Sol-gel, Titania-silica thin film 

overlay, Label-free immunoassay, Serum. 

 

INTRODUCTION 

The development of real-time methods, particularly label-free biosensors, which combine high 

sensitivity and selectivity for the recognition of low concentrations of analytes with rapid 

response and long-term stability is a groundbreaking field both in fundamental and in applied 

research, such as in healthcare diagnostics.
1–2

 

When a label-free detection of chemical compounds or biological species is carried out using 

an optical transduction approach, the working principle is the modulation of the optical signal 

induced by the change of the refractive index (RI) occurring at the liquid/solid sensor interface, 

where the sensing layer interacts with the analyte under investigation. Generally, the 

modification of the optical signal arises from the interaction of the evanescent wave with the 

sensing layer. The literature accounts for several optical configurations, mainly based on surface 

plasmon resonance (SPR),
3–5

 on localized SPR,
6–7

 on interferometry
8
 or on optical resonance.

9
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The substrate on which the sensing layer is deposited is generally either a planar chip
10

 or an 

optical fiber.
11–12

 

Recently, optical fiber long period gratings (LPGs) have been proposed as a promising tool for 

label-free biosensors.
13–22 

Compared to the other kinds of resonance-based optical sensors (e.g. 

microspheres, microbubbles, etc.), LPGs are easier to be manufactured, more robust, and exploit 

the peculiarities of optical fibers, such as compactness, lightweight, intrinsic miniaturization, 

high compatibility with optoelectronic devices, remote measurement capabilities and 

multiplexing thanks to the spectral modulation of the signal. 

Due to periodic RI perturbations induced in the core of a single-mode optical fiber, LPGs 

enable the coupling of the fundamental core mode to co-propagating cladding modes at well-

defined resonance wavelengths (LPG λres). Therefore, the transmission spectrum of an LPG will 

be characterized by one or more attenuation bands (Figure 1), in which the minimum of each 

band corresponds to the coupling with a selective m-th cladding mode when the phase-matching 

condition is satisfied, as expressed by the characteristic equation of LPGs
23

 

λres(m) = ( neff,core – neff,clad(m) ) Λ (1) 

Here, Λ is the grating period (usually in the range from 100 µm to 600 µm), neff,core and neff,clad(m) 

represent the effective RIs of the fundamental core mode (i.e. LP01) and the m-th cladding mode 

(i.e. LP0m), respectively. neff,clad depends on the RI of the surrounding medium (nsur) and this 

relationship allows to exploit LPGs as RI sensors. 

As sketched in Figure 1, the optical mechanism of LPG-based biosensing can be explained 

considering that the binding interactions produce a shift of the attenuation band, and 

consequently a shift of the LPG λres (i.e. ∆λres, from the blue curve to the red one as shown in the 
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inset of Figure 1) due to an increase of the neff,clad (see eq. 1), which is in turn related to the 

increase of both nsur and the thickness of the bio-overlay itself. 

 

Figure 1. Schematic illustration of the light coupling inside an optical fiber LPG and of the 

effect of surrounding RI changes on the transmission spectrum. The inset shows the wavelength 

shift due to a binding interaction. 

 

The best RI sensitivity of LPGs is reached when nsur is close to the RI of fiber cladding (i.e. 

1.44–1.46 RIU, RI unit), thus quite far from the RI of water or aqueous solutions (i.e. 1.33–1.34 

RIU).
24

 To overcome this problem, the literature accounts for a general approach that consists in 

the deposition over the fiber of a nm-thick film overlay of RI higher than the cladding RI.
25–27 

By 

properly tuning both the RI and the thickness of the deposited overlay, the RI range in 

correspondence of the maximum sensitivity can be adjusted around 1.33 RIU.
28–29

 In this case, 

values of RI sensitivity of the order of thousands of nm RIU
-1

 can be experimentally achieved.
30

 

Sol-gel-derived coatings have been used for years to enhance the performance of evanescent 

wave sensors since they are characterized by an intrinsic porosity, which increases the available 

surface for the immobilization of the bioreceptor and, consequently, the sensitivity of the 

sensors.
31–34

 Sensor manufacturing is quite simple thanks to the dip-coating (DC) technique,
31,35

 

which offers great flexibility in the process parameters and precursors, making it possible to 

produce tailored values of the material properties and thickness that can have a strong impact in 

the sensor performances. Moreover, the possibility of doping sol-gel coatings with high 

refractive index materials provides the chance for implementing high RI (HRI) film overlay with 

good and stable optical characteristics, suitable to be applied to LPG sensors. An interesting 
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example of HRI overlay reports the use of diamond-like carbon nano-coatings for improving the 

sensing performance of LPGs,
36

 while another one shows the RI sensing capability of LPGs 

coated with an Al2O3 overlay.
37

 A HRI overlay of TiO2 was recently detailed in order to optimize 

the sensing characteristics of LPGs for the detection of bacteria endotoxin.
38

 Considering LPG-

based devices, up to now sol-gel based titania-silica film overlays have been used for gas 

sensing
39

 and for the development of optical refractometers.
35

 

In the present paper, the performances of an LPG-based biosensor utilizing a sol-gel based 

titania-silica thin film as coating were investigated. The HRI film overlay, deposited by means of 

the DC technique along the sensing portion containing the LPG improved the sensor 

performance in terms of volume RI sensitivity (optical refractometer), and of bio-layer formation 

sensitivity (biosensor). An IgG/anti-IgG assay implemented by immobilizing IgG on the HRI 

thin film overlay was used as a model assay to characterize the LPG biosensor with calibration 

curves obtained both in buffer and in serum. 

 

EXPERIMENTAL SECTION 

Manufacturing of Long Period Gratings 

LPGs with Λ of 342 µm were manufactured in a standard single-mode fiber (SMF28e of 

Corning Inc.) using point-to-point inscription technique
40

 by means of a KrF pulsed Excimer 

laser (Braggstar-500, TUI laser, Germany) operating at a wavelength of 248 nm, with a 

repetition rate of 200 Hz and an energy per pulse of 8–10 mJ. Before inscription, the fiber was 

hydrogen loaded at a pressure of 1500 psi (10.34 MPa) and a temperature of 100 °C for 48 hours 

to enhance the photosensitivity. For applications at room temperature, after the UV inscription, 

an annealing process at 150–170 °C for about six hours is required to stabilize the optical 
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characteristics of LPGs.
41

 An example of how the annealing process affects the LPG spectrum 

(solid blue line) is shown in Figure S-1 in which the stabilization and consolidation of the 

attenuation bands can be observed after the heat treatment (solid red line). In order to deposit a 

glassy coating (e.g. a sol-gel based thin film overlay) over an optical fiber containing an LPG, 

the grating region must be heated at around 450 °C during sintering the gel film. In general, at 

that temperature, an LPG becomes unusable because the attenuation bands almost reduce to zero. 

To overcome this, during the grating manufacturing, we intentionally over-coupled the cladding 

mode of interest (i.e. LP07) with a greater coupling strength (details in Supporting Information) 

thus to achieve stable LPGs when heated.
42

 The LPGs were stabilized at 550 °C and then 

gratings with an LPG λres of 1580–1610 nm, with a visibility of the attenuation band from -10 dB 

to -14 dB, and with a full width at half maximum (FWHM) bandwidth of 18–22 nm were 

attained at the resonance condition (see eq. 1) for the LP07 cladding mode. 

Preparation of Precursor Sol and Deposition of Titania-Silica Thin Film on LPGs 

The process of sol-gel preparation is well-known and was recently illustrated in detail.
43

 For 

the silica sol (10 wt% silica) preparation, TEOS was mixed with 1-propanol with distilled water 

in presence of 1 N HCl as catalyst (molar ratio, water:TEOS:HCl = 2:1:0.001). For the titania 

sol, TIOT was drop-wise added with 2-propanol and acetyl acetone as sol stabilizing agent 

(molar ratio, acetyl acetone:TIOT = 1:2). The two sols were mixed by stirring for about 4 hours 

and then kept to age for additional 24 hours. The Ti:Si ratio and the total equivalent oxide weight 

percentage (wt.%) were 1:1 and 7.3, respectively. The viscosity of the 24 hours-aged sol was 

measured by using a rheometer (Thermo scientific, Germany, Haake RheoStress 6000) at 27 °C. 

To obtain thicker film, the viscosity of the sol (24 hours-aged sol) was widely increased from 
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(3.2 ± 0.1) mPa·s up to (27.0 ± 0.5) mPa·s by controlling the evaporation of the solvents through 

the warming of the sol at (65 ± 5) °C. 

Considering the Ti:Si volumetric ratio (1:1), a layer RI of ~1.7 RIU can be estimated as the 

mean value between the titania RI (i.e. 1.91–1.96 RIU) and silica RI (i.e. 1.42–1.44 RIU).
35 

To 

optimize the sensor performance and to reach the optimum overlay thickness (OOT), the film 

thickness was varied by changing both the sol viscosity during the sol preparation and the 

withdrawal speed during the film deposition. A single layer (thus a single deposition step) was 

found to be adequate to move the selected cladding mode to its transition region.
25,44  

Afterwards, the LPG was heated in a furnace (MTI furnace, USA) in order to allow the oxide 

formation in the deposited 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
-1

 and then the LPG was kept at 450 

°C for about 2.5 hours. Later, the furnace temperature was slowly cooled down with the same 

rate of 1.2 °C min
-1

 in order to avoid any crack due to thermal shock. At the end of the process, 

the LPG wavelength of LP07 mode was measured in air and in phosphate buffered saline (PBS) 

solution.
 

To confirm the deposition of the sol-gel film overlay over the sensing portion of the fiber, a 

field emission scanning electron microscope (FESEM) was used (FESEM; Supra 35VP, Carl 

Zeiss) along with the X-ray energy dispersive spectroscopy (X-EDS) FESEM tool. 

Experimental Setup 

The experimental setup is shown in Figure 2 together with the thermo-stabilized flow cell
45

 in 

its cross-section (Figure 2a) and top view (Figure 2b). The flow cell (50 µL total volume) 

consists of two parts: the PMMA top bar and the aluminum bottom, with this one in thermal 

contact with a thermo electric cooler (TEC). The optical fiber containing the LPG is glued at 
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both the edges of the flow cell and a thermocouple (Lutron TM-917) records the temperature of 

the measurement environment. Each sample contained into the flask is pumped inside the flow 

cell by means of a peristaltic pump (Gilson Minipuls 3). The light is launched by a broadband 

superluminescent diode (SLD) INPHENIX IPSDD1401 or IPSDD1503 (1410 nm or 1550 nm 

central wavelength, respectively, and 60 nm FWHM bandwidth) depending on the value of LPG 

λres. The light is acquired by an optical spectrum analyzer (OSA) Anritsu MS9030A – MS9701B 

(0.1 nm spectral resolution). Finally, an in-house made software program allows recording both 

the temperature and the spectrum from which the value of the LPG λres is determined using the 

Lorentzian fitting function with an acquisition time of 20 s and with a resolution of few 

picometers arising from the fitting process.
45

 Figure S-2 details an example of the above-

mentioned fitting procedure.
 
A comprehensive description about the overall data processing and 

analysis is provided in Supporting Information. 

 

Figure 2. Sketch of the experimental setup together with the cross-section (a) and top view (b) of 

the thermo-stabilized flow cell. 

In correspondence of the LPG coated with the sol-gel film, a layer of Eudragit L100 

copolymer was deposited in order to provide functional groups (-COOH) for antibody 

immobilization.
18

 Once the sol-gel based titania-silica coated LPG was functionalized, the 

optical fiber was placed inside the flow cell. All the steps for the implementation of the 

immunoassay, detailed in Supporting Information and schematized in Figure S-3, were 

performed at 23 °C. 

Sensor Response to Temperature and Refractive Index Variations 
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In order to provide an overview of the general characteristics of the proposed biosensor and 

prior to analyze the device as immunosensor, the response of LPGs from different batches to 

temperature and volume RI changes was determined. For the temperature characterization, the 

temperature of the flow cell was varied between 20 °C and 26 °C with steps of 1 °C. The sensor 

was kept in air in the first experiment, then was surrounded by deionized water at a RI of 1.333 

RIU (1.315 RIU at 1550 nm).
46 

Due to the thermo-optic effect acting on water (-8 x 10
-5

 RIU ºC
-

1
),

47
 the RI was not constant but decreased of 4.8 x 10

-4
 RIU at the end of the second temperature 

characterization. This effect was taken into account and the temperature analysis was conducted 

accordingly. For the RI characterization, the surrounding RI was varied at a fixed temperature of 

23 °C by means of NaCl-in-water solutions of known RI: from 0.1% wt., 1.333 RIU up to 0.6% 

wt., 1.334 RIU (1.316 RIU at 1550 nm),
46

  with step of 0.1% wt. Each measurement was taken at 

flow stopped when the temperature was stable with fluctuations lower than 0.03 ºC. After each 

measurement, the fiber was rinsed with deionized water at high flow rate (500 µL min
-1

) for 10 

minutes in order to remove any remaining NaCl on the overlay surface. It is worth noting that the 

values of RIs specified in this work have to be considered at the sodium line wavelength (589 

nm), unless otherwise stated. 

 

RESULTS AND DISCUSSION 

Sol-gel based titania-silica thin film overlay: imaging and analysis 

Different coatings were realized by changing the withdrawal speed during the DC and the sol 

viscosity.
35

 If a slow withdrawal speed is used, the sol has more time to drain from the substrate 

and, consequently, a thinner film overlay is deposited; on the contrary, if a high withdrawal 

speed is used, the sol has less time to drain and more particles are deposited on the surface 
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leading to a thicker film overlay. Moreover, the oxide concentration of the sol, which affects the 

sol viscosity, also has an effect on the overlay thickness.
48

 

Table 1 shows different types of coatings, having the same composition of sol (titania:silica = 

1:1), grouped in three different batches (A, B, C) on the basis of the sol viscosity, of the used 

withdrawal speed and of the shift of LPG λres measured in air after the film coating for all the 

batches. 

Table 1. Characteristics of sol and film deposition parameter for the film overlay deposited on 

LPGs, along with the wavelength shift of the LP07 mode measured in air after the film coating. 

Batch 

Sol 

viscosity 

Withdrawal 

speed 

LPG λres 

shift after 

sol-gel 

coating 

mPa·s mm sec
-1

 nm 

A 3.2 2.5 8 

B 27.0 2.2 13.5 

C 24.5 2.9 20 

 

An overlay RI of about 1.7 RIU was estimated, which agrees with the values detailed in other 

works.
35,16

 To confirm this, the RI value of the final coating material was calculated considering 

the shift of the LPG λres before and after the sol-gel deposition.
25,29 

Focusing on the cladding 

mode of interest, i.e. LP07, and considering a sensor of batch C, a shift of the LPG λres of 20 nm 

(Figure S-4) was achieved, which means an overlay RI of 1.698 RIU, estimated through 

calculations
49

 considering the shift of the LPG λres and an average overlay thickness of 160 nm as 

later detailed. 

FESEM was used to analyze the characteristics of the film overlay. Figure 3a shows an image 

of the cross-section of an optical fiber coated with the sol-gel based titania-silica film overlay 

(sensor of batch C). Using FESEM software tools, the thickness of the deposited sol-gel film 
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overlay was estimated as (159 ± 10) nm, highlighted in red in Figure 3a by the + symbols and the 

straight line. The surface homogeneity was also evaluated: very little sol-gel conglomerates with 

dimensions lower than 200 nm are present. Similar results were obtained for all the other batches 

listed in Table 1 (data not shown). The surface homogeneity is further demonstrated by the 

conserved characteristics of the LPG spectrum after the film deposition: no losses or very small 

ones (<0.5 dB) are visible in both the global attenuation value and the visibility of the attenuation 

band. This is true for all the sensors belonging to each batch (see Figure S-4 in Supporting 

Information). 

 

Figure 3. FESEM image of the cross-section (a) of an optical fiber coated with sol-gel based 

titania-silica film overlay. The image refers to a sensor of batch C (withdrawal speed of 2.9 mm 

s
-1

 and sol viscosity of 24.5 mPa·s) from which two portions highlighted in yellow (spectrum 1 

in the overlay region and spectrum 2 in the fiber region) are used for X-EDS microanalysis. 

Blue-colored X-EDS spectrum of all elements present in specimen (b) in the film overlay region. 

The inset of (b) shows the red-colored X-EDS spectrum of the same sensor considering the fiber 

(cladding) region. 

In order to complete the analysis of the film overlay, two portions of the same sensor of batch 

C, highlighted in yellow in Figure 3a (spectrum 1 in the overlay region and spectrum 2 in the 

fiber region) were used for the X-EDS microanalysis. Figure 3b shows the blue-colored X-EDS 

spectrum of all elements present in specimen in the film overlay region, whereas the inset details 

the red-colored X-EDS spectrum of the same sensor considering the fiber (cladding) region. 

Through the X-EDS, it was possible to confirm the presence of titanium in the overlay region 

(spectrum 1) with a total amount of 6% as detailed by the energy peaks at 0.44 keV, 4.51 keV 
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and 4.92 keV, respectively. Conversely, no presence of titanium is shown in the fiber region 

(spectrum 2). Considering the chemical elements constituting the sol, the percentage of titanium 

evaluated by X-EDS and by assuming similar penetration coefficients of X-rays into the three 

elements (i.e. oxygen, silicon and titanium) present in the cured film, an overlay thickness of 

(154 ± 10) nm could be estimated in agreement with the thickness measured by FESEM imaging 

in Figure 3a. 

The thickness and RI of the overlay depend on many factors such as the sol composition, sol 

ageing time, withdrawal speed during DC as well as the film curing temperature.
48,50,51

 By 

looking at Figure S-5 and S-6, the sensor will show similar performance in terms of sensitivity if 

it operates along the linear region of the transition curve of LP07 mode (effective RI vs. overlay 

thickness). Comparable characteristics of the sensor performance were obtained within ±15 nm 

of thickness and ±1% of RI by repeating several times the film deposition.
52

 

Sensor thermal cross-sensitivity, volume refractive index sensitivity and long-term stability 

The temperature-related study (details in Supporting Information) demonstrated that the 

thickness of the film overlay does not influence the temperature sensitivity, a known 

characteristic of LPGs, and that the temperature sensitivity of sol-gel based titania-silica coated 

LPGs, which is (0.13 ± 0.01) nm °C
-1

 in air, is slightly higher than standard not coated LPGs (0.1 

nm °C
-1

).
53

 If the same experiment is conducted in water, the temperature sensitivity increases up 

to (0.27 ± 0.01) nm °C
-1 

due to the thermo-optic effect. In fact, even if the response of these 

sensors to temperature variations in air is useful to understand the LPG response by itself, the 

measurement performed in water environment is essential since mimics the real experimental 

conditions during the immunoassay. In any case, the contribution related to the thermo-optic 

effect was taken into account and removed from each experiment. 
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Although the performances of the proposed biosensor depend on the RI changes that occur on 

the sensor surface during the antibody/antigen interactions, a volume (or bulk) RI 

characterization is significant for an exhaustive comprehension of the sensor performances.
13

 A 

comparison considering the same LP07 cladding mode was carried out for three different LPGs 

(not coated, batch A and B) in the RI range between 1.333 RIU ad 1.334 RIU using NaCl 

solutions. Table 2 provides the shift of LPG λres, the RI sensitivity, the maximum experimental 

standard deviation σ of measurements and the resolution attained considering three times the 

standard deviation divided by the sensitivity.
45

 

Table 2. Comparison of the results achieved using different sol-gel based titania-silica coated 

LPGs in terms of bulk RI characterization. 

Batch 

LPG 

λres 

shift 

Bulk 

sensitivity 
σ Resolution 

nm nm RIU
-1

 pm RIU 

not 

coated 

LPG 

-0.03 -29.8 8 8.1 x 10
-4

 

A -2.02 -2044.5 10 1.5 x 10
-5

 

B -7.03 -7075.3 11 4.6 x 10
-6

 

 

As shown in Table 2, there is a great enhancement (both sensitivity and resolution), going from 

a simple not coated LPG to a coated LPG. Moreover, by optimizing the thickness of the film 

overlay with values around 130–175 nm and thus towards the OOT considering PBS as 

surrounding medium (RI of 1.334 RIU or 1.317 RIU at 1550 nm), it is possible to achieve good 

performances. The method adopted to optimize the sensitivity of sol-gel based titania-silica 

coated LPGs as a function of the overlay thickness is described in detail in Supporting 

Information (Figure S-5, S-6 and S-7). The resolution detailed in Table 2 takes into account both 
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the error due to the fit and the system stability since it is calculated considering the standard 

deviation of 15 subsequent acquisitions for each sample in the same experimental conditions 

(further details in Supporting Information). Moreover, the precision on the estimation of the LPG 

λres was evaluated by measuring the signal from the sensor of batch B used in the RI calibration 

(Table 2) on 10 independently-prepared solutions of PBS. A mean value of 1533.667 nm and a 

standard deviation of 15 pm were obtained, leading to a precision of 15 pm (relative error of 

0.001%). 

The long-term stability, depending both on the intrinsic characteristics of the sensor and on the 

quality of thermal stabilization of the microfluidic system, was investigated in water 

environment. The sensor drift, setting the temperature of the flow cell at 23 °C, was 0.3 pm h
-1

 

(0.2 pm h
-1

 after removing the contribution of the thermo-optic effect) with the experimental 

standard deviation on a time window of five hours equal to 10 pm (Figure S-8), which is 

comparable with the standard deviations obtained in the immunoassay experiments (see 

Immunoassay Section). Comparable values of the sensor drift were attained for the LPGs coming 

from all the other batches (within 1%; data not shown). As shown in Figure S-8 (solid grey line), 

the maximum fluctuation of temperature was 0.07 °C. 

The effect of temperature fluctuations on a long-term RI sensing was also studied. The thermo-

optic effect acting on solutions should be taken into account for each sensor having high RI 

sensitivity (greater than thousands of nm RIU
-1

). In fact, to obtain resolution down to 4 x 10
-6

 

RIU, the temperature variations during the experiment should be lower than 0.05 °C. With the 

developed experimental setup, temperature fluctuations of 0.03 °C were recorded during all the 

measuring steps that in turn mean temperature-induced RI changes lower than the best resolution 

(Table 2). 
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Immunoassay 

The immunoassay was carried out with three sol-gel based titania-silica coated LPGs, each 

coming from the three batches (A, B and C), either in PBS (LPGs of batches A and B) or in 

serum (LPG of batch C). By monitoring the dynamic interactions occurring during all the steps 

of the assay, real-time sensorgrams (LPG λres evolution in time) can be obtained.  

Figure 4 shows the response of a coated LPG of batch C in human serum when the sample was 

spiked with the antigen (anti-IgG) at 0.1 mg L
-1

, 1 mg L
-1

 and 10 mg L
-1

. The blocking of all the 

surface free functionalities with BSA generated a decrease of LPG λres of ∆λres = 0.36 nm ± 0.01 

nm highlighted in blue in Figure 4. On the other hand, the injection of serum generated a 

negligible decrease of LPG λres of 0.015 nm ± 0.01 nm (in PBS before and after serum) not 

evident in Figure 4, demonstrating a low non-specific interaction of the components of the serum 

matrix. Each washing step with PBS, indicated with downward grey arrows in Figure 4, is 

necessary for measuring the real wavelength shift related only to the interactions between the 

sensing bio-layer and the sample (surface RI changes). The duration of the whole immunoassay, 

including the antibody immobilization step, was of several hours, but the long-term stability of 

the sensing system, previously discussed, guarantees the absence of any disturbance. 

 

Figure 4. Response of a sol-gel based titania-silica coated LPG of batch C in human serum when 

the sample was spiked with the antigen (anti-IgG) at 0.1 mg L
-1

, 1 mg L
-1

 and 10 mg L
-1

. The 

wavelength shift ∆λres, highlighted in blue, is related to the blocking of surface free 

functionalities with BSA agent. All the solution exchanges are indicated with arrows (downward 

grey arrows for PBS buffer solution, whereas black arrows for all the other reagents). 
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Figure 5 shows the three calibration curves (LPG λres shift as a function of log concentration of 

antigen) for anti-IgG obtained by means of the best logistic fit
54

 (solid lines) of the experimental 

points with the immunoassay implemented either in PBS (LPG of batch A, red rhombuses, and 

LPG of batch B, blue circles) or in human serum (LPG of batch C, black triangles). The figure 

inset details the shift of the LPG λres at the lower concentrations of analyte for all the calibration 

curves. 

 

Figure 5. Calibration curves of the proposed biosensor either in buffer or in serum obtained by 

using the same assay protocol with different sol-gel based titania-silica coated LPGs: LPGs of 

batches A (red rhombuses) and B (blue circles) by performing the assay in PBS buffer, and of 

batch C (black triangles) by performing the assay in human serum. The solid lines provide the 

best logistic fit of the experimental data. The inset shows the shift of the LPG λres at the lower 

concentrations of analyte. 

Each experimental point, which was taken with flow stopped at the end of each PBS washing, 

is the average of fifteen subsequent measurements, whereas each fitting curve provides a 

correlation greater than 0.99. For all the fitting curves, the value of maximum experimental 

standard deviation (0.015 nm) is comparable with the maximum deviation of residuals (0.018 

nm), testifying the quality of the entire measuring procedure. Limits of detection (LOD), 

calculated as three times the standard deviation of the blank measurement, of 25 µg L
-1

 (LPG of 

batch A) with a total wavelength shift (TWS) of 2.36 nm, of 13 µg L
-1

 (LPG of batch B) with a 

TWS of 4.66 nm and of 8 µg L
-1

 (LPG of batch C) with a TWS of 4.55 nm (final concentration 

of 10 mg L
-1

) were attained. The LOD of 8 µg L
-1

 is nine-fold lower than that achieved in the 

same experimental conditions (i.e. human serum) but using a not coated LPG, as previously 
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reported.
22 

In addition, the results obtained using a coated LPG of batch B compared to that one 

of batch A prove that the optimization of the overlay thickness is crucial in the case of optical 

platforms based on coated LPGs, not only for the bulk RI sensitivity but also in their use as 

biosensors. Finally, the results obtained using a sol-gel coated LPG of batch C are better than the 

previous ones even if they were achieved in a different condition (in serum) with a longer 

interaction time. This can be explained with the fact that the value of the overlay thickness 

related to LPGs of batch C is very close to the OOT (between B2 and B1 points in Figure S-5) 

thus exactly in the modal transition region of the considered LP07 mode.  

Initial binding rate 

The use of a sol-gel based film overlay has the advantage of increasing the sensitivity of LPGs 

and of decreasing the LOD. On the other hand, the combined use of serum as surrounding 

environment and of a sol-gel matrix, due to its intrinsic nanoporous nature, leads to an increase 

of the antibody-antigen binding interaction time. For the immunoassay performed in serum, the 

interaction time was increased from 20 minutes, used in the case of PBS, up to 1 hour and 10 

minutes. This increase was necessary in order to allow the sensor to reach a stable value, as 

shown in Figure S-9 that details the IgG/anti-IgG binding interaction (normalized LPG λres 

evolution in time) at the antigen concentration of 1 mg L
-1

 for the immunoassay performed either 

in PBS (LPG of batch A, grey line) or in serum (LPG of batch C, black line). Both the curves 

show a typical exponential behavior with a steady state obtained in different times, 10 minutes in 

PBS and 40 minutes in serum. This lengthening can be ascribed to the higher complexity of the 

serum matrix with respect to simple PBS, which implies a decrease of the antigen mobility. 

Moreover, the increase of the response time from roughly 6–8 minutes and 14–16 minutes in 

PBS
18

 and serum,
22

 respectively, obtained with not coated LPGs, to roughly 10–12 minutes and 
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40–60 minutes in PBS and serum, respectively, obtained with coated LPGs, can depend on the 

electrostatic interactions between the film and charged or polar site of the analyte, and on both 

the granularity and homogeneity of the deposited film overlay.
31,34

 

In order to reduce the time necessary for determining the concentration value of the target 

interacting with the sensing layer, the initial binding rate (IBR), which is the slope of the binding 

interaction during its first minutes, was considered.
14

 For this purpose, the evaluation of the IBR 

was carried out from the initial response of the sensor by discarding the first three measuring 

points, corresponding to the initial and almost instantaneous shift of LPG λres due to the bulk RI 

change of the solution, and by considering the subsequent 15 ones during the first phase of the 

binding interaction for all the anti-IgG concentrations (overall measuring time of about 3 

minutes). With these experimental points, a linear regression was performed and the IBR, 

expressed in nm min
-1

, was evaluated. An example of this procedure is shown in Figure S-10, 

which accounts for the binding interaction between the IgG and anti-IgG (1 mg L
-1

) in human 

serum using the coated LPG of batch C. In order to avoid any temperature-induced effect on the 

sensor response, all the solutions injected into the flow cell were stabilized in advance at the 

same temperature of the flow cell before their injection. 

By reporting the IBR as a function of the antigen concentration for analysis two sol-gel coated 

LPGs, one of batch A (assay performed in PBS) and another of batch C (assay performed in 

serum), it was possible to draw the calibration curve of the biosensor as a function of this 

parameter (Figure 6). All the data of interest are gathered in Table S-1, along with the respective 

standard deviation.
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Figure 6. Calibration curves of the proposed biosensor (IBR vs antigen concentration in 

logarithmic scale) obtained by using the same procedure but with different coated LPGs: LPG of 

batch A (red rhombuses) by performing the assay in PBS buffer, and of batch C (black triangles) 

by performing the assay in human serum. The dashed lines are the broken lines that connect the 

experimental points and are drawn with the purpose to provide a general view of the trends. 

Although the two calibration curves of Figure 6 show data obtained from different titania-silica 

films and different matrices, the IBR increases in modulus similarly (within the error) with the 

concentration of the anti-IgG concentration. This demonstrates that the IBR is an alternative 

metric to determine the concentration of the analyte under investigation. Finally, it is worth 

pointing out that the negative sign of IBR is just related to the sensing mechanism governing the 

LPG that implies a decrease of the resonance wavelength when a biochemical interaction takes 

place (see eq. 1 and Figure 1). 

 

CONCLUSIONS 

The performances of sol-gel based titania-silica thin film overlay for LPGs have been assessed. 

They have been tested as effective and feasible optical platforms for label-free biosensing by 

means of the implementation of IgG/anti-IgG immunoassays. The analysis revealed that two 

analytical parameters, the wavelength shift at the end of the binding process and the initial 

binding rate during the first minutes of the binding process, can be used for the performance 

evaluation of the biosensors.  

Thin film overlays were deposited by a simple and versatile DC technique. Since the 

performance of coated LPGs strongly depends on the overlay parameters (i.e. its refractive index 

and thickness), both the sol viscosity and the withdrawal speed were changed during the sensor 
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implementation in order to optimize the overlay thickness. Sensors with overlay thickness of 

120–160 nm and RI of 1.7 RIU were manufactured and characterized. The best performance was 

achieved with an overlay thickness of 154 nm. In this case, a LOD of 8 µg L
-1

 (5.3 x 10
-11

 M) 

was attained with measurements in serum.  

Sol-gel based titania-silica coated LPGs showed bulk refractive index sensitivity of the order 

of thousands of nm RIU
-1

 and a resolution of the order of 10
-6

 RIU in water environment. It is 

worth mentioning that these values are among the best of optical fiber LPG-based biosensors 

reported in literature up to now.
55,13

 It is worth pointing out that this kind of sensor, which 

measures wavelength shifts as a function of RI changes, cannot directly be used for absolute RI 

measurements without a proper calibration, but it is perfectly suitable when examining time-

series measurements for detecting small changes in RI, as here demonstrated.  

Finally, the real effectiveness and feasibility of an LPG-based biosensor were proved by 

performing the immunoassay in human serum as a complex and real environment, which also 

confirmed the assay specificity. 
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