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ABSTRACT: The advent of optical fibre-based biosensors combined with that of nanotechnologies has provided an oppor-
tunity for developing in situ, portable, lightweight, versatile and high-performance optical sensing platforms. We report on 
the generation of lossy mode resonances by the deposition of nm-thick metal oxide films on optical fibres, which makes it 
possible to measure precisely and accurately the changes in optical properties of the fibre-surrounding medium with very 
high sensitivity compared to other technology platforms, such as long period gratings or surface plasmon resonances, the 
gold standard in label-free and real-time biomolecular interaction analysis. This property, combined with the application 
of specialty structures such as D-shaped fibres, permits enhancing the light-matter interaction. SEM and TEM imaging 
together with X-EDS tool have been utilised to characterise the two films used, i.e. indium tin oxide and tin dioxide. More-
over, the experimental transmission spectra obtained after the deposition of the nanocoatings have been numerically cor-
roborated by means of wave propagation methods. With the use of a conventional wavelength interrogation system and 
ad-hoc developed microfluidics, the shift of the lossy mode resonance can be reliably recorded in response to very low 
analyte concentrations. Repeated experiments confirm a big leap in performance thanks to the capability to detect 
femtomolar concentrations in human serum, improving the detection limit by three orders of magnitude when compared 
with other fibre-based configurations. The biosensor has been regenerated several times by injecting sodium dodecyl sul-
phate, which proves the capability of sensor to be reused.

Over recent decades, optical fibre sensors (OFSs) have 
progressively gained a higher market share, while research 
on this topic continues to increase.1 This success has been 
mainly due to the intrinsic properties of optical fibres 
(small size, immunity to electromagnetic and radiofre-
quency interferences, capability to be used in harsh envi-
ronments and within multiplexed sensing schemes), which 
make it possible to design compact and lightweight high-
performance devices. Recently, the possibility of deposit-
ing nano-coatings on optical fibres with a high degree of 
accuracy and reproducibility has enabled a widening of the 
domains of application of this technology.2–4 OFSs are usu-
ally reserved for niche applications, such as structural 
health monitoring,5 gyroscopes,6 etc. However, in the re-
cent years, since the community of life sciences and bio-
medicine is increasingly requesting effective diagnostic 
and analytical methods capable of detecting target biomol-
ecules at ultra-low limits of detection (LOD), down to 
pM,7-10 this gives the possibility of opening the market for 
early diagnosis of diseases to OFSs. 

One of the most well-known phenomena related to thin 
films for sensing purposes is surface plasmon resonance 
(SPR),11,12 even if it is not the only one. In optical sensing, 
on the basis of some studies carried out using semiconduc-
tor waveguides, the concept of guided mode resonance13 
has also been applied to thin film coated OFSs,14,15 under 

the name of lossy mode resonance (LMR). Because of the 
demand for the generation of this kind of resonance, nano-
coating must have a complex refractive index (RI) that 
gives rise to lossy modes.16,17 In this case, the transmission 
spectrum of an LMR-based sensor will be characterized by 
one (first LMR) or more LMR bands in a well-defined wave-
length range.17 

LMRs occur when the real part of the thin film permit-
tivity is positive and greater in magnitude than both its 
own imaginary part and the permittivity of the material 
surrounding the thin film.13 That is why metallic oxides15,18 
and polymers19 are used to lead to the generation of LMRs, 
instead of the metallic materials, typically used for obtain-
ing SPRs3,20 for which the condition for resonance genera-
tion is that the real part of the thin film permittivity be 
negative and greater in magnitude than both its own im-
aginary part and the permittivity of the material surround-
ing the thin film. Differently from SPRs, LMRs can be ex-
cited both with TE- and TM-polarized light. Thanks to the 
cylindrical symmetry of the optical fibres, it is possible to 
observe the resonance that corresponds to each of these 
polarizations if the real part of the nanocoating RI is high, 
because the central wavelength of each resonance is quite 
different.17 Otherwise, only a single resonance can appar-
ently be appreciated in the transmission spectrum, one 



 

that is a combination of the spectrally close-located TE and 
TM LMRs.21 

Another interesting property is that multiple resonances 
can be attained in the same spectrum,19 and this makes it 
possible to monitor a specific parameter at different wave-
lengths and to reduce the detection error. However, the 
most important advantage is the possibility of tuning the 
position of the LMR very easily by controlling the thickness 
of the nanocoating deposited.17 Reference21 provides some 
rules for the design and the optimization of sensitivity in 
LMR-based sensors, which can be basically summarised by 
two main points. First, the adequate selection of a high RI 
material for the fabrication of the nanocoating enables to 
increase the sensitivity. Second, the accurate adjustment of 
the thickness of the nanocoating allows monitoring the 
LMR in the wavelength range of the detector. 

The reduction in the LMR spectral width is another im-
portant element. In this sense, the figure of merit (FOM), 
defined as the ratio between the sensitivity and the full 
width at half maximum of a resonance,22 is a key parameter 
that makes it possible to indicate the quality of a sensor. 
The application of thin films to D-shaped single-mode fi-
bres (SMFs) has enabled a significant improvement in the 
FOM as compared to unclad multimode fibres (MMFs), 
when the bulk RI of the surrounding medium is meas-
ured.17 This is possible because the asymmetric shape of the 
transversal section of this fibre permits a separation of the 
TE and TM contributions by using a standard single-mode 
fibre combined with a polarizer.14,23 In unclad MMFs, the 
LMR is due to losses in each mode guided through the op-
tical fibre when one of the modes exhibits a transition to 
guidance in the nanocoating. Conversely, in D-shaped 
SMFs, the LMR is caused by losses in the mode guided 
through the core.17 This is why a narrow resonance is ob-
tained, which makes it possible to track wavelength shifts 
with the first LMR, the most sensitive LMR, at wavelengths 
in the infrared, where the sensitivity is also enhanced if 
compared to the visible region.2 This is not possible with 
nanocoated unclad MMFs, which generate broad reso-
nances that are difficult to analyse. For this type of device, 
it is necessary to track the second resonance in the visible 
region, which leads to a reduced sensitivity.21 

This technology can have a large impact on biosensing, 
in which the requirement of very low LODs is high in many 
applications and for which the use of optical fibre has been 
emerging as a powerful technology.24 The sensing principle 
is quite simple: when a target analyte interacts with the 
thin film coated surface on which a biological sensing layer 
is deposited, a change in the optical properties of the coat-
ing (effective RI) is induced due to surface RI changes and 
a change in the LMR takes place. These can be measured 
accurately and precisely by means of an optical transmis-
sion setup. It is worth noticing that the results achieved 
with changes in the bulk RI cannot be automatically trans-
ferred to the case of RI changes limited to the thickness of 
the biological sensing layer.2   

In this work, we analyse the biosensing performances 
with an IgG/anti-IgG assay carried out with an IgG sensing 
layer deposited on the surface of different fibres. First, we 

characterise unclad MMFs coated with two different nano-
coatings: indium tin oxide (ITO) and tin dioxide (SnO2). 
Then, the best performing nanocoating is applied to D-
shaped SMFs. The results show that it is possible to obtain 
femtomolar LODs with D-shaped SMFs, a value never at-
tained with optical fibre-based biosensors, which improves 
the best value obtained with unclad MMFs by three orders 
of magnitude. 

Experimental Section 
Materials. 

Two different materials for the target were used, i.e. ITO 
and SnO2, both with a 99.99% of purity, and they were pur-
chased from ZhongNuo Advanced Material Technology 
Co. The methacrylic acid/methacrylate copolymer (Eu-
dragit L100) was purchased from Evonik Degussa GmbH 
(Düsseldorf, Germany). Mouse IgG and goat anti-mouse-
IgG were purchased from Zymed Laboratories, Invitrogen 
Immunodetection (Milan, Italy). 1-Ethyl-3-(3-dimethyla-
minopropyl) carbodiimide hydrochloride (EDC) and N-hy-
droxysuccinimide (NHS) were purchased from Pierce (Illi-
nois, USA). Human serum (C Reactive Protein Free Serum) 
was purchased from HyTest Ltd. (Turku, Finland). All the 
other reagents, unless otherwise stated, were purchased 
from Sigma-Aldrich (Milan, Italy). 

Fabrication of ITO and SnO2 thin film coated fibres. 

 
Figure 1. (a) The experimental setup for unclad MMF samples 
composing of a halogen lamp, a spectrometer and a 20 mm-
long sensitive region realized with a thin film of ITO or SnO2 

deposited. (b) The experimental setup for D-shaped SMF sam-
ples composing of a multi-LED source, an in-line polarizer, a 
polarization controller, which permits to excite the D-shaped 
SMFs with a TE or a TM polarized signal, an optical spectrum 



 

analyser, which monitors the optical spectra, and a 17 mm-
long side-polished sensitive region with a thin film of SnO2 

deposited. 

Two different types of optical fibres were nanocoated: 
plastic-clad multimode silica fibres of 200/225 μm 
core/cladding diameter (FT200EMT) from Thorlabs Inc. 
and D-shaped single-mode fibres from Phoenix Photonics. 
The cladding of the FT200EMT fibres was removed in a 
portion of 20 mm in order to deposit the thin film (see Fig-
ure 1a). The unclad MMFs were cleaned as described in ref-
erence25 and then coated with a thin film. The D-shaped 
SMFs consisted of a standard single mode fibre Corning® 
SMF-28 with a side-polished length of 17 mm (see Figure 
1b). The polished surface of the optical fibres, henceforth 
called sensitive region, was then coated with a thin film. 

Regarding the coating procedure of the thin film deposi-
tion, both the unclad MMFs and the D-shaped SMFs were 
placed on the substrate in a DC sputter machine (ND-
SCS200 from Nadetech S.L.). The parameters used in the 
experiment were partial pressure of argon 9×10-2 mbar and 
intensity 150 mA for ITO target and partial pressure of ar-
gon 9×10-2 mbar and intensity 90 mA for SnO2 target. The 
size of both sputtering targets were 57 mm in diameter and 
3 mm in thickness. 

Transmission spectrum measurements. 
In order to monitor the optical spectrum during the dep-

osition of the thin film and the biosensor experiment, two 
setups were used. For the unclad MMFs, the experimental 
setup depicted in Figure 1a was utilised. A halogen lamp 
(Carl Zeiss CLH 500), which covered a band of 380 to 1140 
nm, was connected to one end of the optical fibre. The 
other end was connected to a spectrometer (Hamamatsu 
MiniSpectrometer TG-SWNIR C9405CA) that made it pos-
sible to monitor the wavelength range from 432 nm to 1145 
nm. The experimental setup for the D-shaped SMFs is de-
picted in Figure 1b. Light from a broadband multi-LED 
light source (FIBRELABS, Inc., SLD-1310/1430/1550/1690) 
was transmitted through a thin film coated D-shaped SMF. 
The output of the fibre was connected to an optical spec-
trum analyser (OSA, Anritsu MS9030A-MS9701B) that 
made it possible to monitor a wavelength range from 1200 
to 1700 nm. A fibre optic in-line polarizer and a polariza-
tion controller, which permits to excite the D-shaped SMFs 
with a TE or a TM polarized signal, were enclosed between 
the broadband source and the fibre. 

Fibre functionalization and bioassay protocol. 
The functionalization of the sensitive portion of both the 

fibre types was obtained by means of poly(methyl-methac-
rylate) polymeric (Eudragit L100) deposition, which pro-
vided carboxylic functional groups (-COOH), necessary for 
antibody immobilization, on the surface. The fibre was im-
mersed in 2 mM (0.04% w/v) Eudragit L100 in ethanol for 
1 minute, and was then left to dry in the air for about 15 
minutes until the solvent had completely evaporated. The 
fibre was subsequently placed inside an ad-hoc developed 
thermo-stabilised flow-cell, which allowed keeping the 
temperature constant at 22°C (±0.05 °C), and glued with an 

UV-polymerising optical adhesive (NOA 68, Norland Prod-
ucts Inc.). For the sake of clarity, all the next steps of the 
bioassay protocol are detailed in Supporting Information. 

After the bioassay had been completed, a regeneration 
step was performed in order to regenerate the surface, thus 
leaving the biological sensing layer intact. A 1% (w/v) so-
dium dodecyl sulphate (SDS) solution in PBS was used for 
3 minutes (flow rate of 25 μL min-1). Afterwards, a rinsing 
step in PBS was performed before recording the signal 
baseline. 
SEM and TEM imaging. 

A transmission electron microscopy (TEM), model TEM 
CM 12 PHILIPS, equipped with an OLYMPUS Megaview G2 
camera that had an accelerating voltage of 80 keV was used 
to carry out thickness measurements on the fibre samples. 
Samples for TEM analysis were embedded in LR white 
resin, ultra-thin (100 nm) sections of it were sliced off using 
an Ultramicrotome mounted on a Carbon Cu grid. A field 
emission scanning electron microscope (FESEM), model 
UltraPlus FESEM from Carl Zeiss Inc., with an in-lens de-
tector at 3kV and an aperture diameter of 30 μm, was also 
used to measure the coating thickness. In addition, an X-
ray energy dispersive spectroscopy (X-EDS) FESEM tool 
was used to determine the chemical elements present in a 
specimen of both the ITO- and the SnO2-coated fibre sam-
ples, on the cross-section portion of the metal coating. Fur-
ther details are provided in Supporting Information. 
Refractive index measurement. 

For the characterization of both the ITO and the SnO2 
thin films, an ellipsometer UVISEL, with spectral range of 
0.6–6.5 eV (190–2100 nm), an angle of incidence of 70°, a 
spot size of 1 mm, and Software DeltaPsi2TM (from Horiba 
Scientific Thin Film Division) were used. 
Simulations. 

For the unclad MMFs, after the deposition of the thin 
film and the Eudragit layer, the optical spectrum was cal-
culated by means of a numerical analysis based on the well-
known plane wave method for a one-dimensional multi-
layer waveguide,25 validated for both SPRs26 and LMRs.21 
The optical fibre cladding RI, made of fused silica, was es-
timated using the Sellmeier equation. FIMMWAVE® was 
used for the simulation in the D-shaped SMFs. The propa-
gation was obtained with FIMMPROP, an integrated mod-
ule of FIMMWAVE. Further details are provided in Sup-
porting Information. 

Results and Discussion 
A biological sensing layer, selective to the target under 

investigation and deposited on the coated fibres, is essen-
tial for performing a bioassay. The biological sensing layer 
used in the present work consisted of antibodies as the bi-
ological recognition element, covalently anchored to the 
fibre surface, which exploit the functional groups of a de-
posited polymeric layer.  The effect of the polymeric depo-
sition onto the metal oxide-coated fibre samples was inves-
tigated. The λLMR of both ITO- and SnO2-coated samples 
shifted in air towards longer wavelengths a total of (29 ± 1) 



 

nm and (33 ± 1) nm, respectively, in repeated experiments, 
before and after the polymeric deposition. The shifts to-
wards longer wavelengths can be explained by an increase 
in the overall coating thickness by the deposition of the 
polymeric layer, which agreed with the LMR theory.21 

Afterwards, the nanocoatings deposited (i.e. ITO and 
SnO2) were thoroughly analysed by means of TEM and 
SEM imaging, together with X-EDS tool, which led to the 
determination of the thickness of the deposited layer.  The 
ITO thin film deposited on unclad MMFs was character-
ised by a thickness of (295 ± 5) nm, with the film thickness 
increasing up to (355 ± 5) nm, inferring that the thickness 
of the polymeric layer after the solvent evaporation was (60 
± 7) nm (Supporting Information, Figure S1). As for D-
shaped SMF samples, the measured thickness of the depos-
ited the SnO2 thin film was (160 ± 5) nm, which increased 
to (220 ± 5) nm after the deposition of the polymeric layer, 
inferring that, also in this case, the thickness of the poly-
meric layer after the solvent evaporation was (60 ± 7) nm 
(Supporting Information, Figure S1). 

The effects of the proposed thin-film deposition were 
also investigated from a theoretical point of view by con-
sidering the wavelength dependence of the refractive index 
RI (n) and extinction coefficient (k) of both ITO and SnO2 
nanometric films (Supporting Information, Figure S2). 
Moreover, the optical field intensity distribution of the 
fundamental mode (HE1,1) in the cross-section of both the 
ITO-coated unclad MMF and the SnO2-coated D-shaped 
SMF was also analysed (Supporting Information, Figure 
S3). The evanescent field generated at the film-surround-
ings interface was predictably larger in D-shaped SMFs, so 
expecting a great improvement in surface sensitivity.27 As 
for the RI of the polymeric layer, the value used in the sim-
ulations was measured with an ellipsometer at two differ-
ent wavelengths after evaporation of the solvent: 1.4921 (± 
0.004) at 635 nm and 1.4568 (± 0.002) at 1550 nm. The nu-
merical and experimental transmission spectra of ITO-
coated unclad MMFs are presented in Figure 2a and 2b, re-
spectively, as proof of concept on the effect of the thin film 
deposited on unclad MMFs, which generates the LMR. In 
accordance with the values obtained with SEM and TEM 
imaging (Supporting Information, Figure S1a-c), the ITO 
and Eudragit layers of 295 nm and 60 nm, respectively, 
were used for the simulation. The wavelength shift after 
deposition of the polymeric polymer can be explained 
thanks to the rules indicated in reference:21 the LMR expe-
rienced a wavelength shift towards longer wavelengths if 
there is an increase in the thin film thickness, and the ad-
dition of the Eudragit increased the coating thickness. 
Moreover, the immersion of the sensor in water also led to 
an additional shift towards longer wavelengths, which 
agreed with the LMR theory.17,21  

The same analysis was conducted for the thin-film de-
posited on the D-shaped SMF samples. In accordance with 
the values obtained with SEM and TEM imaging (Support-
ing Information, Figure S1e-f and S1h-i), the SnO2 and Eu-
dragit layers of 160 nm and 60 nm, respectively, were used 
for the simulation. Figure 2c and 2d show the theoretical 
and experimental results, respectively, when the fibre 

coated with SnO2 and the Eudragit layers was immersed in 
water. Unlike the unclad MMFs, no optical spectrum ob-
tained with D-shaped SMFs surrounded by air is presented 
because the LMR is so sensitive (it has optimal conditions: 
it is the first LMR, and it is located in the infrared re-
gion)17,21 that the LMR shifts outside the spectral region 
monitored with the setup previously-described. As can be 
observed, the depth of the numerical resonance was 
slightly greater than that of the experimental one, because 
this parameter strongly depends on the distance between 
the deposited thin film and the fibre core, and thus on the 
polishing depth of the D-shaped SMFs provided by the 
manufacturer. In addition, in both cases, simulated λLMR 
exhibited a shift towards longer wavelengths as compared 
with experimental λLMR. However, the errors in λLMR (2.6% 
for the ITO-coated unclad MMF samples and 3.2% for the 
SnO2-coated D-shaped SMF samples) were very small, and 
may have derived from an error in the measurement of the 
layer thickness. 

 
Figure 2. Numerical (a) and experimental (b) transmission 
spectra of ITO-coated unclad MMF samples evaluated in air 
and water before and after the polymeric (Eudragit L100) dep-
osition. Numerical (c) and experimental (d) transmission 
spectra of SnO2-coated D-shaped SMF samples evaluated in 
water after the polymeric deposition. 

TEM and SEM imaging confirmed the predictions of the 
simulated results. The values of the thickness obtained 
were decisive in setting the LMR wavelength of the device. 
In fact, the spectral features of the LMR or any other kind 
of resonance, such as the transmission depth and band-
width and the way employed of extracting the resonance 
minimum, could strongly influence the performance of the 
device, together with the experimental conditions during 
the bioassay implementation.27 

The next step was the implementation of the IgG/anti-
IgG assay and, hence, the real-time monitoring of the bind-
ing interactions during the bioassay for both the ITO- and 
SnO2-coated LMR fibre sensors. After the preparation of 
the biological sensing layer (an example of real time mon-
itoring of all those steps is shown in Supporting Infor-
mation, Figure S4), increasing concentrations of the ana-
lyte spiked in serum were injected, by means of a peristaltic 
pump, within a flow cell containing the sensing device. Fig-
ure 3a details the sensorgram (signal change vs. time) of a 
SnO2-coated unclad MMF biosensor, starting from the se-
rum injection as the blank measurement followed by all 
the antigen concentrations from 1 μg L-1 up to 500 mg L-1. 
All the values of λLMR in the sensorgram were calculated in 



 

real time by means of the LMR tracking software (Support-
ing Information, Figure S5 and Figure S6). Figure 3b dis-
plays the sensor response to the serum injection and the 
subsequent rinsing with PBS. The shift of the λLMR taken in 
PBS before and after the serum injection, which contained 
various non-target species except for the specific analyte 
under investigation, was 0.04 nm averaged in repeated ex-
periments, while the signal change of the first antigen con-
centration (1 μg L-1) was 0.11 nm, i.e. 2.75-fold greater. This 
is the clear evidence of the high specificity of the sensing 
layer that did not interact with different biological species 
present in the serum. Since SnO2-coated unclad MMF bio-
sensors presented a higher sensitivity than the ITO coated 
unclad MMF biosensors, the next step was to analyse the 
SnO2-coated D-shaped SMF biosensors. As above-men-
tioned, these devices were supposed to be more sensitive, 
given their geometrical structure, which made it possible 
to track the first LMR in the infrared region.17 For this rea-
son, lower concentrations of the analyte from 0.001 μg L-1 
up to 1 μg L-1 were injected. The respective sensorgram is 
shown in Figure 3c. By considering the concentration in 
common between the two responses detailed in Figure 3a 
and Figure 3c (1 μg L-1), the signal change taken in PBS after 
the antigen injection was (0.11 ± 0.03) nm for the SnO2-
coated unclad MMF biosensor and (1.89 ± 0.09) nm for the 
SnO2-coated D-shaped SMF biosensor, i.e. 17-fold greater. 
Figure 3d displays the specificity test for this biosensor. 
The shift of the λLMR taken in PBS before and after the se-
rum injection was 0.08 nm averaged in repeated experi-
ments, while the signal change of the first antigen concen-
tration (0.001 μg L-1) was 0.3 nm, i.e. 3.75-fold greater. Even 
in this case, as for the SnO2-coated unclad MMF biosen-
sors, the high specificity of the sensing layer was con-
firmed. 

 
Figure 3. (a) Sensorgram of the SnO2-coated unclad MMF bi-
osensor starting from the serum, as the blank measurement, 
to all the antigen concentrations (1 μg L-1 – 500 mg L-1) with a 
displayed total λLMR shift of roughly 4.3 nm (blue highlighted). 
(b) From the sensorgram, the signal change before and after 
the serum injection without the specific analyte (specificity 
test) is detailed with a total shift of roughly 0.04 nm. (c) Sen-
sorgram of the SnO2-coated D-shaped SMF biosensor starting 
from the serum to all the antigen concentrations (0.001–1 μg 
L-1) with a displayed total λLMR shift of roughly 1.89 nm (blue 
highlighted). (d) Specificity test for the SnO2-coated D-shaped 
SMF biosensor is detailed with a total shift of roughly 0.08 nm. 

It is worth underlining that the LMR wavelengths reported 
on Figure 3 differ from those of Figure 2 since the sensors 
were placed inside the flow-cell, after the polymeric depo-
sition carried out outside it. Moreover, by looking at Figure 
3, it can be observed that the time to reach the steady-state 
slightly increased for the D-shaped SMF biosensor most 
likely due to the interaction of the flow with the sensor 
structure, which determined a different diffusion time of 
the biomolecules. Therefore, in order to maintain compa-
rable times of measurement following the same bioassay 
protocol, the maximum LMR shift was not completely at-
tained for the D-shaped SMF biosensor. 

By drawing the shift of the λLMR as a function of the ana-
lyte concentration, it was possible to achieve the calibra-
tion curve of the biosensor (signal change vs. analyte con-
centration). As previously mentioned, a better perfor-
mance of the D-shaped SMF sensors was expected. Two 
different sensors were used for a full characterization of the 
SnO2-coated D-shaped SMF biosensor, sensor 1 and sensor 
2, with sensor 1 focused on the higher concentration range 
(0.1 μg L-1 – 10 mg L-1) and sensor 2 focused on the lower 
concentration range (0.001 – 1 μg L-1). The sensorgram for 
sensor 2 is shown in Figure 3c. The measurements on the 
concentration range considered were repeated by regener-
ating the biological sensing layer with four full cycles for 
sensor 1 and three full cycles for sensor 2. Figure 4a shows 
the calibration curve that includes the measurements 
achieved with the two sensors (grey symbols for sensor 1 
and black symbols for sensor 2), in which the results for 
each cycle are detailed together with the sigmoidal fit of 
the experimental points by using the Hill equation (green 
curve). The Hill equation, which is formally equivalent to 
the Langmuir isotherm, is a well-accepted mathematical 
model that provides a way in which to quantify the degree 
of interaction between ligand binding sites.28 A correlation 
(R2) coefficient of 0.9964 and a maximum deviation of the 
residuals of 0.2 nm were obtained from the data fitting. It 
is worth pointing out that the standard deviation of the ex-
perimental points was smaller than the size of the symbols 
(σmax = 0.06 nm), with the standard deviation calculated by 
considering 15 subsequent acquisitions for each point un-
der the same experimental conditions (flow stopped). 
Moreover, it is also important to point out the reproduci-
bility, with the two different sensors obtaining the same 
values as those of the λLMR shift for the two concentrations 
in common (0.1 and 1 μg L-1). The inset of Figure 4a details 
the experimental points obtained in the lower concentra-
tion range with the second cycle of sensor 2. The black er-
ror bars refer to the standard deviation of the experimental 
points. By comparing the results achieved at the concen-
trations in common between the two experiments, i.e. 0.1 
μg L-1 and 1 μg L-1, the standard deviation of the signals was 
0.14 nm and 0.12 nm, respectively, i.e. comparable to the 
maximum deviation of the residuals obtained in the fitting 
procedure. By performing the same bioassay, Figure 4b 
shows a comparison of the calibration curves obtained 
with all three kinds of LMR sensors: ITO- (green triangles) 
and SnO2-coated (red circles) unclad MMF biosensors, and 



 

SnO2-coated D-shaped SMF biosensor (sky blue rhom-
buses). Again, the value of the standard deviation of the 
experimental points in Figure 4b was smaller than the size 
of the symbols. By comparing the shifts of the λLMR ob-
tained with the antigen concentration of 10 mg L-1, the 
SnO2-coated D-shaped SMF biosensor exhibited 6.4-fold 

and 3.6-fold shifts that were greater than those obtained 
with the ITO- and SnO2-coated unclad MMF biosensors, 
respectively. Additional comparisons in surface sensitivity 
among the biosensors tested were discussed and provided 
in Supporting Information; for instance, the relative LMR 
wavelength shift (normalised by the LMR wavelength) is 
detailed in Figure S7. 

 
Figure 4. (a) Calibration curve of the SnO2-coated D-shaped SMF biosensor repeated several times and displayed together with 
the sigmoidal fit of the experimental points (sensor 1: grey symbols; sensor 2: dark symbols). Each cycle of measurement corre-
sponds to a different symbol. The antigen concentration is reported in log scale. The inset shows the enlargement of the calibration 
curve for the lower concentration range investigated with sensor 2 (second cycle), together with the respective standard deviation 
for each experimental point (black error bars). (b) Comparison of the calibration curves obtained with all three kinds of LMR 
sensors: the ITO- (green triangles) and SnO2-coated (red circles) unclad MMF biosensors, and the SnO2-coated D-shaped SMF 
biosensor (sky blue rhombuses). 

By means of the calibration curve, it was possible to ob-
tain the LOD of a biosensor. There are different approaches 
for evaluating the LOD.27 If 3σ of the blank measurement 
(0.18 nm) is considered according to IUPAC recommenda-
tions, a LOD of 150 pg L-1 (1 fM) is attained. A different LOD 
of 0.6 ng L-1 (4 fM) is attained if 3σ of the maximum stand-
ard deviation obtained among all the experimental points 
(0.27 nm) is considered. All these values refer to the D-
shaped SMF biosensors. By using this last approach, LODs 
of 3.5 μg L-1 and 0.9 μg L-1 were obtained from Figure 4b 
with the ITO- and SnO2-coated unclad MMF biosensors, 
respectively. 

After the implementation of the same bioassay in the 
same experimental conditions with both the ITO- and 
SnO2-coated unclad MMF and D-shaped SMF biosensors, 
we compared the performance achieved in terms of LOD 
with other highest-performance fibre-based biosensors 
present in the literature. Table 1 collects all these results. 
Given the higher RI of tin dioxide as compared with the 
ITO, SnO2-coated LMR samples, it was found to be capable 
of a better performance. Moreover, the same kind of sensor 
realised on the D-shaped SMFs achieved the best results in 
terms of LOD. The increase in sensitivity was apparent, 
and was expected, due to the larger evanescent field in the 
D-shaped nanocoated SMFs with respect to the standard 
unclad MMFs. On the other hand, biosensors based on 
long period gratings (LPGs)24,29 reported a LOD of the or-
der of μg L-1 (tens of pM) or slightly less. Considering dif-
ferent not-in-fibre systems for the detection of IgG, two ex-

amples reported on a LOD of the order of nM. In the for-
mer case, a smartphone platform based on SPR was devel-
oped (LOD of 47.4 nM) with the sensing element fabri-
cated by a light-guiding silica capillary that was stripped 
off its cladding and coated with 50-nm gold film.30 In the 
latter case, a label-free biosensor based on an engineered 
photonic crystal attained a LOD of 4.25 nM with the sens-
ing element integrated into a smartphone platform.31 Up-
to-now, the literature has reported only one example of a 
biosensor based on an optical fibre device with a compara-
ble LOD: a gold nanodisk array at the fibre end facet was 
used to measure free prostate-specific antigen.32 In this 
case, the LOD claimed was obtained by performing the 
measurement in a simple buffer matrix, and not in a com-
plex matrix such as serum, plasma or blood samples, thus 
expecting a higher LOD if the measurement was carried 
out on real complex samples. In addition, both the fabrica-
tion and preparation of the biosensor are quite long and 
complex, and involve the use of advanced, expensive and 
highly technical instrumentation. Therefore, except for 
this last case and when compared with other optical bio-
sensing platforms used for the detection of proteins,2,8,24,29-

31 the LOD was enhanced by almost three orders of magni-
tude: a big leap in performance, undoubtedly! In addition, 
with this impressive step forward, the low level of the LOD 
achieved (a few fM in human serum) is perfectly compara-
ble with, if not better than, the more well-established op-
tical platforms based on SPR. For example, LODs of 200 fM 
and 350 fM have been claimed for the detection of miRNA 
in erythrocyte lysate33 and for the carcinoembryonic anti-
gen,34 a cancer biomarker in plasma, respectively.



 

Table 1. Performance comparison in terms of LOD by using different fibre-based biosensors 

Type of sensor Target Matrix LOD Reference 

ITO-coated LMR unclad MMF Immunoglobulin G Serum 3.5 µg L-1 (23 pM) present work 

SnO2-coated LMR unclad MMF Immunoglobulin G Serum 0.9 µg L-1 (6 pM) present work 

SnO2-coated LMR D-shaped SMF Immunoglobulin G Serum 0.15 ng L-1 (1 fM) present work 

Titania-silica sol-gel coated LPG Immunoglobulin G Serum 8 µg L-1 (53 pM) 29 

SPR-based silica capillary Immunoglobulin G PBS 7.1 mg L-1 (47.4 nM) 30 

Engineered photonic crystal Immunoglobulin G Not specified 0.64 mg L-1 (4.25 nM) 31 

Reflection-type coated LPG Thyroglobulin Not specified Sub µg L-1 (< pM) 24 

Gold nanodisk array localised SPR Free prostate-specific antigen PBS 0.1 ng L-1 (3 fM) 32 

 
Another critical and crucial test involved the regenera-

tion and reusability of the proposed optical fibre biosen-
sors. The goal was achieved by using a solution of SDS. Fig-
ure 5 details all the steps of the regeneration test per-
formed with an ITO-coated unclad MMF biosensor. The 
same experiment was repeated with a SnO2-coated unclad 
MMF biosensor (Supporting Information, Figure S8 and 
Table S1). Here in Figure 5, the decrease in the signal after 
the SDS injection and PBS rinsing is a clear sign of the re-
moval of the antigen by the regeneration solution from the 
antibody anchored on the sensor surface. The red-high-
lighted change in the signal details the first regeneration of 
the biosensing layer after the entire calibration procedure, 
in which 66% of the total dynamics was recovered. The 
green-highlighted plateaux represent the value of the 
blank signal, while the blue-highlighted ones represent the 
value of the signal after the injection of the analyte at 1 mg 
L-1. This analyte concentration was selected since it was 
close to the IC50 inflection point of the calibration curve 
(i.e. the value of the analyte concentration for which the 
LMR wavelength shift equals to 50% of the dynamic signal 
range), as usually done in biosensing.28 The regeneration 
procedure was repeated three times, showing the efficiency 
as well as the repeatability of the procedure. Since the re-
generation does not depend on the sensor configuration 
but on the features of the biomolecules involved (i.e. affin-
ity, electric charge, etc.), on the experimental conditions 
and on the regeneration protocol used, its effectiveness 
was proved with the unclad MMF devices. 

 

Figure 5. Regeneration test with the SDS solution repeated 
three times by using the ITO-coated unclad MMF biosensors 
(analyte concentration of 1 mg L-1). The red-highlighted 
change of the signal shows the first regeneration of the bio-
sensing layer after the entire calibration procedure. The 
green-highlighted plateaux represent the value of the blank 
signal, while the blue-highlighted ones represent the value of 
the signal after the analyte injection. 

Conclusions 
Two different optically absorbing materials, i.e. indium 

tin oxide and tin dioxide, were deposited on multimode 
and D-shaped fibres in order to excite lossy mode reso-
nances, which are recently-explored physical phenomena 
for the development of label-free biosensors different from 
the well-known surface plasmon resonance but able to at-
tain high sensitivity and resolution in any case. The nm-
thick depositions were numerically and experimentally an-
alysed showing a good agreement. Thanks to TEM and 
SEM imaging, it was possible to set the resonances in the 
preferred wavelength range and to obtain a reliable thick-
ness of the polymeric layer deposited on the fibres in order 
to functionalise their surface. We encompassed all the 
most important steps in an analytical methodology for 
sensing purposes: design and fabrication, modification, in-
tegration, application to a bio-interaction analysis and re-
generation. In fact, considering that the proposed nano-
coated optical fibre biosensors, with the best performance 
obtained by using SnO2-coated D-shaped single-mode fi-
bres, were integrated into a thermo-stabilized flow-cell, it 
enabled us to address all the typical requirements that a 
real biosensor must possess with a view to the develop-
ment of an in situ, portable, lightweight and high-perfor-
mance optical platform for biochemical and biomedical 
applications.  

Two critical but very important issues with regard to all 
biosensors were also addressed by using SnO2-coated D-
shaped SMF biosensors. First, not only the repeatability 
but also the reproducibility of the results were experimen-
tally proved on fibre-based biosensors, with the results ob-
tained with two different sensors lying perfectly on the 
same calibration curve (Figure 4a). Second, given the defi-



 

nition of LOD and the way it is calculated, it is almost im-
possible to find even one experimental point below or very 
close to the LOD claimed in the literature up until now. 

The ability of the proposed biosensors to attain ultra-low 
LOD, combined with a capability to be integrated within a 
reliable optical platform, reveals in a tangible way the po-
tential of fibre-based sensors to play a fundamental role in 
the biomedical field, where the demand on the part of phy-
sicians for devices capable of identifying the onset of dis-
eases at a very early stage or of performing measurements 
in real time close to the patient’s bed is continuously on 
the increase.35 
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The deposition of nm-thick tin dioxide films on specialty optical fibres, such as D-shaped fibres, generates lossy mode 
resonances with enhanced light-matter interaction that makes it possible to measure precisely and accurately the 
changes in optical properties of the fibre-surrounding medium with very high sensitivity. The biosensor proposed 
permits to detect analyte concentrations down to femtomolar in human serum. 
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