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A B S T R A C T

In this work it is proved the ability to obtain lossy mode resonances (LMRs) in the transmission spectrum with
multimode-coreless-multimode fibre optic structure coated with tin oxide on the coreless segment. The devices
were characterized as a function of the surrounding medium refractive index and sensitivities of 7346.93 nm/
RIU and 708.57 nm/RIU were attained for the first and the second LMR respectively. As an application proof of
this technology, one of the devices was biofunctionalized and used for detecting goat anti-mouse IgG in con-
centrations ranging from 1 to 40mg/L, with a limit of detection of 0.6mg/L. This proves the ability of this
simple structure to be used for biological, chemical or environmental applications.

1. Introduction

The combination of optical fibre and nanomaterials provides a good
platform for the development of sensors that can be applied in a wide
range of domains, such as industry, medicine, biology or chemistry [1].
All these applications are possible thanks to the fine properties of op-
tical fibre: immunity against electromagnetic interferences, small size,
reduced cost and capability of remote sensing and wavelength multi-
plexing.

The utilization of nanostructures permits to obtain high sensitivity
values in what can be called a lab-on-fibre [2], which has been
exploited by many authors in literature using many different optical
fibre configurations, such as fibre Bragg gratings (FBGs) [3,4], long-
period gratings (LPFGs) [5,6] and interferometers [7,8]. Among them,
interferometers, due to their simplicity of fabrication, have been used
for the development of a wide range of sensing applications providing
high-resolution measurements due to their capability of developing
prominent attenuation/transmission bands [8]. Different kinds of in-
terferometric structures can be distinguished, such as Fabry-Perot in-
terferometer (FPI), Mach-Zehnder interferometers (MZIs), Michelson
interferometers, Sagnac interferometers and very simple interfero-
metric structures like single mode-coreless-single mode fibre (typically
called SMS because sometimes the coreless segment is called multimode
segment) and multimode- coreless-multimode fibre (MCM) [9]. In the
latter structures, the coreless segment permits the evanescent field of

modes to interact with the outer medium. As a result, the transmission
and attenuation bands experience a wavelength shift as a function of
the surrounding medium refractive index (SMRI) or the thin-film
thickness [7].

In comparison with the SMS structure, the MCM structure couples
more light from the coreless segment to the multimode fibre because
the diameter of a multimode fibre is wider than that of a single-mode
fibre. In particular, ref. [10] explores the influence of the multimode
segment for generating attenuation/transmission bands. In addition,
the presence of a thin-film on a coreless fibre has been used for gen-
erating lossy mode resonances (LMRs), a phenomenon that is char-
acteristic of metallic oxide nanocoated optical fibre sensors [11–17].

Another important factor in the performance of LMR based optical
fibre sensors is the thin-film refractive index material, which de-
termines the sensitivity of the device [13]. In this regard, the highest
sensitivity has been attained with tin oxide [18]. Consequently, this
material will be used for the analysis developed in this work.

In this paper, two applications will be developed to assess the per-
formance of thin-film coated MCM based LMR sensors: a refractometer
and a biosensor. The first and the second LMR will be analyzed both in
the visible and near infrared regions for the refractometric application,
whereas the binding affinity between mouse IgG and goat anti-mouse
IgG will be tested with the biosensor.
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2. Method and materials

The MCM structure, described in Fig. 1, consists of two standard
multimode optical fibre pigtails (Phoenix photonics MMF, core dia-
meter 62.5 μm, cladding diameter 125 μm, connectors FC/PC) fused at
both sides of a coreless optical fibre segment of diameter 125 μm and
length 20mm from POFC Inc. (Taiwan).

The coreless section of the MCM structure (i.e. the sensitive region)
was coated with a thin film of black tin oxide (SnO2-x) using a sput-
tering machine K675XD from Quorum Technologies, Ltd. (for the sake
of simplicity instead black tin oxide we will use the term tin oxide
henceforward). The parameters used in the experiment were
8× 10−2 mbar argon partial pressure and 90mA of current intensity.

The fabrication of the SnO2-x thin film was monitored using the
setup shown in Fig. 1, where a light source (Ando AQ-4303B) was
connected to one end of the MCM optical fibre and the other end was
connected to a spectrometer (Ocean Optics Inc, HR 4000CG) to monitor
the output power from 400 to 1000 nm.

The refractometric response of the SnO2-x coated MCM as a function
of the surrounding medium refractive index (SMRI) was tested by im-
mersing the device in different refractive index solutions with the light
source and the spectrometer shown in Fig. 1. To this purpose, different
glycerol/water solutions were used, which corresponded with refractive
indices 1.33, 1.34, 1.36, 1.38, 1.40, 1.42 and 1.44, measured with a
refractometer (Mettler Toledo Inc, Refracto 30GS) operating at
589.3 nm.

In addition, an immunosensor application was tested with the ex-
perimental setup depicted in Fig. 2, where the SnO2-x coated MCM
structure is introduced in a thermo-stabilized flow-cell, which guaran-
tees a constant temperature of 26° C ± 0.01 °C (see Fig. 2). The contact
between the lower part of the flow-cell, which is made of stainless steel,
and two Peltier cells, allowed the temperature stabilization by a closed-
loop control driven by a temperature controller (739-TC-14-PR-59,
Laird Technologies/ Thermal Solutions). A NTC thermistor insulated
lead 10k 2.19%) was inserted into the stainless-steel piece in the vici-
nity of the flow channel. The whole system was mounted on a cooler in
order to facilitate the temperature control. The upper part of the flow
cell was made of ULTEM, a biocompatible and transparent material,
where the coated MCM structure was placed and glued with a UV-
polymerizing optical adhesive (NOA68, Norland Products Inc.). The
flow cell was 80mm long, 15mm wide and 10mm high. The flow
channel consisted of a 1mm wide, 0.5 mm deep and 50mm long rec-
tangular section groove that was built on the ULTEM and stainless-steel
pieces. The upper part had two aligned holes with the flow channel as

inlet an outlet port for the fluid, which was inserted by a pump
(Minipuls 3 peristaltic pump). In addition, the flow cell was completely
sealed by using a parafilm membrane sandwiched between the upper
and lower pieces.

The materials used for the functionalization procedure, the de-
position of the biolayer procedure and the detection process are: me-
thacrylic acid/methacrylate copolymer (Eudragit L100) from Evonik
Degussa GmbH (Düsseldorf, Germany), mouse IgG (Prod 31903), goat
anti-mouse-IgG (Prod A28174), 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, Prod 22980) and N-hydro-
xysuccinimide (NHS, Ref 24500) from Thermofisher, human serum (C
Reactive Protein Free Serum) from HyTest Ltd. (Turku, Finland), Bovine
Serum Albumin (BSA, A2153-10 G) from Sigma Aldrich and PB
(Phosphatebuffer, pH 7.4)

Different solutions were prepared with the previously mentioned
products for the fabrication and testing of the biosensor: an EDC/NHS
solution (2mM/5mM, respectively), a solution of IgG (5.7 mg/mL) in
PB (40mM), BSA (1%) in PB (40mM) and several solutions with in-
creasing concentrations of IgG in 1:10 serum diluted in PB.

3. Results

3.1. Fabrication of SnO2-x thin film and resonance characterization

The study presented in this section pursues the study of the LMR
induced by a metallic oxide fabricated onto the MCM structure. In
contrast to other works where the MCM structure is used for inter-
ferometric purposes [19] we use a shorter segment of 20mm, which
avoids the presence of the interferometric band. Thus, the LMR is
generated in the same way that occurs in cladding removed 200 μm
core fibers [13]. Oppositely, in a previous publication that deals with
the MCM structure [19], no LMR was induced because focus was cen-
tered in the study of the interferometric band and the thin-film thick-
ness used is too low to induce an LMR. Therefore, the study of the LMR
evolution as a function of the thin-film thickness is very important to
characterize the device.

In order to characterize the evolution of the optical spectrum as a
function of the coating thickness, it was monitored for 4min with the
conditions explained in Section 2. In Fig. 3 it is possible to observe the
bands corresponding to the first and second LMR. According to previous
publications [11,13], the wavelength shift ratio is higher for the first
LMR than for the second LMR. Consequently, the aim will be to stop the
deposition when the first LMR is located in the wavelength range
monitored by the spectrometer. To this purpose, a second deposition

Fig. 1. MCM structure and sputtering deposition setup.
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was performed on a new MCM structure stopping the fabrication pro-
cess after 40 s, when the first LMR starts to be visualized in the optical
spectrum working range.

The thickness of the nanocoatings deposited on both MCM struc-
tures was characterized with a field emission scanning electron mi-
croscope (model UltraPlus FESEM from Carl Zeiss Inc.) with an in-lens
detector at 3 kV and an aperture diameter of 30 μm. The results in
Fig. 4a reveal that the nanocoating obtained after a 4min deposition
presented a thickness of 636 nm. Regarding the thinner nanocoating,
obtained with a deposition of 40 s, its thickness was 82 nm (see Fig. 4b).

3.2. Refractometer characterization

Prior to the refractometer characterization the obtained thin-films
were measured using a UVISEL 2 (Horiba Inc.) ellipsometer, which
revealed the refractive index model of the obtained films as it is shown
in Fig. 5a. Here it is important to remark that the extinction coefficient
(k) is close to but not zero at long wavelengths. The model of the el-
lipsometer was used to obtain theoretically [11] the resonance wave-
length for different surrounding medium refractive index as it is re-
presented in Fig. 5b.

The fabrication of the device requires a precise control of the thin
film thickness in order to position the first LMR within the operating
wavelength range of the spectrometer in the range of refractive indices
where the device will be used, whereas the large resonance width
prevents from additional calculations, such as the figure of merit in this
case. Fig. 6 shows the optical spectrum corresponding with the 82 nm
coated MCM structure as a function of the SMRI in the range from 1.33
to 1.38, which corroborates the theoretical simulation obtained in
Fig. 5(b). The interest of this range is that it includes water and other
physiological fluids. Another sensor is analysed in Fig. 6 for the same
SMRI range but it operates at longer wavelengths. To this purpose, it
was deposited for a longer time: 75 s.

The curves obtained in Figs. 6(b) and 7 (b) for both resonances
exhibit a non-linear behavior with a sensitivity increase for higher
SMRIs. In particular, the sensor with the first LMR located at shorter
wavelengths shows an average sensitivity of 3305.76 nm/RIU showing
a sensitivity of 4604 nm/RIU when we take into account only higher
SMRIs. On the other hand, the sensor with the first LMR located at
longer wavelengths presents an average sensitivity of 7346.93 nm/RIU

Fig. 2. Immunosensor setup.

Fig. 3. Spectral response of the MCM device as a function of deposition time.

Fig. 4. Scanning electron microscope (SEM) images of a coreless section of the MCM device corresponding to deposition times: (a) 240 s and (b) 40 s.
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Fig. 5. (a) Refractive index real part and imaginary part of SnO2-x thin-films obtained using UVISEL 2 ellipsometer. (b) Theoretical calculation of the resonance
wavelengths of the MCM structure coated with a 82 nm thick SnO2-x film and surrounded by different refractive indices.

Fig. 6. MCM device deposited for 40 s (the first LMR is visible in a wavelength range from 400 to 1000 nm): (a) Transmission spectra for different SMRI values and
(b) Resonance wavelength as a function of the SMRI.

Fig. 7. MCM device deposited for 75 s (the first LMR is visible in aa wavelength range from 1000 to 1700 nm): (a) Transmission spectra for different SMRI values and
(b) Resonance wavelength as a function of the SMRI.
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showing a sensitivity of 9818.18 nm/RIU when we take into account
only the highest SMRIs.

For the sake of comparison, a third device with deposition time
100 s was fabricated to analyse the second LMR in the short wavelength
range as a function of refractive index (Fig. 8). The sensitivity,

according to design rules for LMR based sensors is lower than the first
LMR [13], with an average sensitivity of 466.05 nm/RIU and a sensi-
tivity of 708.57 nm/RIU when we take into account the highest SMRIs.

Fig. 8. MCM device deposited for 100 s (the second LMR is visible at a wavelength range from 400 to 1000 nm): (a) Transmission spectra for different SMRI values
and (b) Resonance wavelength as a function of the SMRI.

Fig. 9. Schematic representation of the biosensor estructure after the functionalization procedure, the deposition of the biolayer procedure and the detection process.
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3.3. Biosensor application

A biosensor was developed as an example of the applicability of the
previous device. Here, the first LMR was monitored in order to obtain
higher sensitivity than that obtained with the second LMR, as it was
mentioned in the previous section. To this purpose, a new MCM
structure was deposited with SnO2-x with a deposition time that per-
mitted to locate the first LMR in the short wavelength range, where
optical equipment is less expensive. Then, the sensitive region of the
sensor was immersed in 2mM (0.04% w/v) Eudragit® L100 in ethanol
for 1min and subsequently dried in air for about 15min until the sol-
vent had been completely evaporated. This monolayer provided car-
boxylic functional groups (eCOOH) to the surface, useful for IgGs im-
mobilization. The central wavelength of the LMR in air was 520 nm and
it was shifted to longer wavelengths after the deposition of Eudragit and
a further immersion of the sensor in liquid.

After the MCM functionalization using Eudragit®, the device was
placed into the flow cell in order to fabricate the biolayer following the
next steps: 1) activation of eCOOH groups by means of EDC/NHS so-
lution; 2) The immobilization of IgG on the MCM surface by pumping a
solution of IgG in PB; and 3) a surface passivation with BSA in PB.

Once the biolayer was obtained, several solutions with increasing
concentrations of IgG in serum diluted in PB were pumped into the flow
cell. A washing stage of the flow cell using PB between each new IgG
concentration (IgG from 1mg/L to 40mg/L) was necessary to de-
termine the resonance wavelength shift associated to a new anti IgG
binding onto the bilayer. The schematic representation of the biosensor
estructure after the functionalization procedure, the deposition of the
biolayer procedure and the detection process is shown in Fig. 9,
whereas a list of the flow rates and times spent in each of the solutions
passed through the flow-cell is given in Table 1.

A real time sensorgram with the evolution of the central wavelength
of the first LMR is shown in Fig. 10, whereas the calibration curve with
the wavelength shift of the LMR central wavelength in each con-
centration of anti-IgG is shown in Fig. 11 in a logarithmic scale. A Hill
equation sigmoidal curve (blue curve) has been fitted with a correlation
(R2) coefficient of 0.9997. According to this, a maximum standard
deviation of 0.1475 is represented with red error bars and the limit of
detection (LOD) achieved was 0.6mg/L. The LOD can be obtained from
the calibration curve through the inverse of the fitting Hill function
evaluated in a well-defined point [20]. Since the LOD is related to both
the sensitivity and the resonance width, i.e. the figure of merit
[13,21,22], the value obtained is not very good compared to other
works in literature that obtain femtomolar level detection [23]. How-
ever, the simplicity of the presented device compared to D-shaped fiber
or other fiber optic setups could be a major advantage in some bio-
sensing applications, though obviously the LOD is much higher due to
the broad resonance.

Table 1
Flow rates and times used in the biosensor application.

Sample Flow rate (μL/min) Time (min)

EDC/NHS 25 30
IgG 6 60
PB (washing step) 70 15
BSA 25 15
PB 170 15
Serum 4.25 15
Serum+Anti-IgG 4.25 15

Fig. 10. Real time sensorgram with the evolution of the central wavelength of the first LMR.

Fig. 11. Calibration curve of the biosensor.
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4. Conclusions

Tin oxide (SnO2-x), a metallic oxide with high refractive index, was
deposited on multimode-coreless-multimode (MCM) structures to excite
lossy mode resonances (LMRs). MCM structures with different coating
thickness were fabricated, which allowed to obtain the first LMR and
second LMR at wavelengths ranging from 400 to 1700 nm. The results
obtained shown a sensitivity of 3305.76 nm/RIU for the first LMR be-
tween 400 and 1000 nm and a sensitivity of 7346.93 nm/RIU between
1000 and 1700 nm. On the other hand, by monitoring the second LMR
it was observed a sensitivity reduction to 708.57 nm/RIU in the range
400–1000 nm.

In view of these results, and with the aim of monitoring the sensor at
wavelength ranges where optical sources and detectors are less ex-
pensive, an application with the first LMR at short wavelengths was
developed. To this purpose, the SnO2-x surface of one of the devices was
biofunctionalized and fixed in a thermostabilized flow cell. Mouse IgGs
were immobilized on the sensor surface and later it was possible to
detect anti-mouse IgG in concentrations ranging from 1 to 40mg/L with
a LOD of 0.6mg/L. This proves that metallic oxide coated MCM struc-
tures can be used as an effective optical platform for biosensing, sui-
table for the development of portable, lightweight, high performance
and cost-effective devices that can be used in many applications.
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