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Simultaneous detection of inflammatory
process indicators via operando dual lossy
mode resonance-based biosensor

CSTR: 32246.14.0es.2025.250005

Desiree Santano?!, Abian B. Socorro!?, Ambra Giannetti3*,
Ignacio Del Villar!?* and Francesco Chiavaioli?

Detecting multiple analytes simultaneously, crucial in disease diagnosis and treatment prognosis, remains challenging.
While planar sensing platforms demonstrate this capability, optical fiber sensors still lag behind. An operando dual lossy
mode resonance (LMR) biosensor fabricated on a D-shaped single-mode fiber (SMF) is proposed for quantification of
clinical indicators of inflammatory process, like in COVID-19 infection. Dual LMRs, created via two-step deposition pro-
cess, yield a nanostructure with distinct SnO; thicknesses on the flat surface of the fiber. Theoretical and experimental
analyses confirm its feasibility, showing a sensitivity around 4500 nm/RIU for both LMRs. A novel insight in spatially-sep-
arated biofunctionalization of the sensitive fiber regions is validated through fluorescence assays, showcasing selectivity
for different immunoglobulins. Real-time and label-free detection of two inflammatory markers, C-reactive protein and D-
dimer, empowers the platform capability with a minimum detectable concentration below 1 pg/mL for both biomolecules,
which is of clinical interest. This proof-of-concept work provides an important leap in fiber-based biosensing for effective
and reliable multi-analyte detection, presenting a novel, compact and multi-functional analytical tool.

Keywords: fiber optic biosensors; multi-analyte detection; inflammatory process indicators; dual lossy mode resonance
(LMR); label-free detection

Santano D, Socorro AB, Giannetti A et al. Simultaneous detection of inflammatory process indicators via operando dual lossy mode
resonance-based biosensor. Opto-Electron Sci 4, 250005 (2025).

Introduction

The global outbreak of COVID-19, caused by the spread
of the novel coronavirus SARS-CoV-2, has posed an un-
precedented challenge to public health systems world-
wide!. The varied clinical manifestations of COVID-19,
ranging from mild symptoms to severe respiratory dis-
tress and systemic complications, have paved the way for
the development of robust diagnostic tools to evaluate
patients based on disease severity and further clinical

management of required treatments*’. In this context,
the identification and quantification of a pool of specific
biomarkers associated with disease progression have
then emerged as a critical research challenge*”’. Overall,
an inflammatory clinical picture is also what occurs in
the case of COVID-19 infection.

Among the numerous biomarkers under investigation
as inflammatory process indicators, C-reactive protein

(CRP) and D-dimer have earned significant attention.
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CRP is a biomarker associated with an acute-phase dis-
ease, which rapidly increases in response to inflamma-
tion, infection and tissue injury, making it a key indica-
tor of the body's inflammatory response®’. On the other
hand, D-dimer is a degradation product of fibrin, associ-
ated with coagulation and fibrinolysis processes. Elevat-
ed levels of D-dimer have been observed in most of in-
flammatory processes and in severe COVID-19 cases as
well, testifying an increased risk of thrombosis and vas-
cular complications®.

Optical fiber biosensors possess remarkable features in
comparison to other biosensing platforms'!, such as the
potential for in vivo sensing'?> and working in harsh envi-
ronments”. Among the different sensing techniques
used to develop an optical fiber biosensor, it is worth
mentioning interferometric configurations'*!®>, mi-
crofibers!®Y, fiber gratings'®!” and thin-film-based struc-
tures, such as surface plasmon resonance (SPR)**?!, local-
ized SPR*, Bloch surface wave” and lossy mode reso-
nance (LMR)*.

Given their remarkable features in sensing the RI
changes, LMRs have been extensively studied in the last
10 years, both theoretically and experimentally?*-2%, and
also applied to thriving applicative scenarios?**°. While
both SPR and LMR exploit a nanometer thin-film to en-
dow the excited fiber modes, the generation mechanism
of the LMRs stems from the mode transition from the
fiber to the nanofilm, which in turn enables the interac-
tion with the surrounding environment for sensing. This
condition is fulfilled when the real part of permittivity of
the nanofilm is positive and higher in magnitude than its
own imaginary part, which should be as much low as
possible (low material losses), and the real part of per-
mittivity of the fiber material®'*>.

LMR-based sensors are quite versatile and powerful,
leading to their proposal in numerous applications, pri-
marily focusing on two domains. The first one is the de-
tection when the surrounding medium is air (RI = 1), as
for gas sensors®, humidity sensors* or volatile organic
compounds®. The second one is the detection in liquid
samples with a refractive index (RI) ranging from 1.31 to
1.35. This includes chemical sensors for substances such
as ammonia® or cortisol”, sensors that permit to moni-
tor electrochemical processes®, and biosensors for im-
munoglobulin G (IgG)*, D-dimer* or Tau protein®,
thus representing a reliable and effective technology plat-
form for highly specific and real-time monitoring and
quantification of clinical biomarkers, with the potential

for an early diagnosis of diseases, and hence the aid in
providing timely treatment strategies. However, one of
the biggest challenges in sensing with optical fibers re-
mains the potential and capability of simultaneous mul-
ti-target detection and analysis. This can be unveiled
when there is a generation of multiple optical reso-
nances that work independently. Differently from SPR-
based sensing systems, LMR-based technology forecasts
this option. One possibility is envisaged by increasing the
thickness of the thin film that enables the generation of
higher guided modes*. However, each resonance
presents a different sensitivity, and there is a progressive
reduction of the sensitivity as a function of the mode or-
der. Moreover, it is not possible to discriminate the re-
gion in the deposited area along the fiber that refers to a
specific resonance. Therefore, the device allows for de-
tecting only a single parameter or analyte.

The possibility of multi-target detection and quantifi-
cation using optical fibers still remains hidden and seen
as a challenge to be achieved. The literature accounts just
for two examples where optical fibers were used to de-
tect more biological-related parameters. In 2012, Lin et
al. proposed a proof-of-concept multi-window optical
fiber sensor making use of multiple particle plasmon res-
onance of silver nanoparticles and gold nanorods de-
posited separately onto two distinct unclad portions of
the fiber for multi-analyte detection*'. They took advan-
tages of time-division multiplexing method to interro-
gate and collect the optical signal, thus making the pro-
cess slightly slower and more complex. Moreover, very
standard biomolecules like biotin and streptavidin were
considered and also the sensitive regions were spatially
separated, thus implying larger volumes and longer
binding times. Subsequently, in 2022, Zhang et al. devel-
oped an optical fiber sensing system that can be used for
the continuous and real-time monitoring of four brain
biomarkers simultaneously, such as brain pH, tempera-
ture, dissolved oxygen, and glucose levels*. The systems
consisted of Y-type fiber to launch and collect light and
the fiber tip was coated with a sensitive film. The sensing
principle was actually based on the change in intensity of
the optical signals due to the variation of absorption of
the four indicators of biomarkers encapsulated in sol-gel
networks. Therefore, any real and effective binding and
quantification of biomolecules took place.

Here we propose an operando dual LMR biosensor
manufactured onto a D-shaped SMF for the simultaneous
detection of clinical indicators of inflammatory process,
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like in COVID-19 infection. The dual LMR structure
forecasts a two-step deposition process that creates a
stepwise nanostructure with distinct SnO; thicknesses
onto the flat surface of the D-shaped fiber region. This
enables to have two LMRs that work independently, sep-
arated spatially and located at different wavelengths, be-
cause each region of the nanostructure is responsible for
a different cut-off wavelength of the mode guided in the
thin film. The spatially-separated surface biofunctional-
ization of the two SnO; nanofilms is effectively demon-
strated by grafting two distinct types of IgG antibodies,
each labeled with a different dye. Subsequently, the de-
tection selectivity is verified by developing appropriate
bio-assays. Fluorescence characterization confirms this
revolutionary outcome. Finally, we validate the feasibili-
ty, reliability and effectiveness of the proposed multi-tar-
get biosensing platform for the selective detection of
CRP and D-dimer biomarkers, as severity indicators of
inflammatory process. The simultaneous and indepen-
dent detection of two biomarkers at the same time with a
single fiber sensor is demonstrated for the very first time
in the literature thanks to a spatially-separated surface
biofunctionalization, and hence the findings of this re-
search open up novel and intriguing perspectives and
possibilities with optical fiber biosensors for simultane-
ous multi-analyte quantification as a paradigm shift in
the field.

Materials and methods

Chemicals

The methacrylic acid/methacrylate copolymer (Eudragit®
L100) is purchased from Evonik Degussa GmbH
(Dtisseldorf, Germany). Bovine serum albumin (BSA),
all the reagents for buffer preparation (phosphate-
buffered saline (PBS), 10 mM, pH 7.4) and ethanol are
purchased from Sigma-Aldrich (Milan, Italy). 1-Ethyl-3-
[3-dimethylaminopropyl] carbodiimide hydrochloride
(EDC) and N-hydroxy succinimide (NHS) are purchased
from Thermo Fisher Scientific (Milan, Italy). Rabbit IgG,
mouse IgG, goat anti-rabbit-IgGAlexaFluor647 (excita-
tion peak at 650 nm and emission peak at 665 nm) and
goat anti-mouse-IgGAlexaFluor488 (excitation peak at
496 nm and emission peak at 519 nm) are purchased
from Life Technologies Italia (Milan, Italy). Human CRP
recombinant, CRP antibody (anti CRP) clone 5 and hu-
man D-dimer antibody clone 2 are obtained from
HyTest (Turku, Finland). D-dimer human protein is

purchased from Sigma-Aldrich (Milan, Italy).

Numerical analysis

FIMMWAVE is utilized for simulating the D-shaped
SMF. Propagation data are obtained using FIMMPROP,
an integrated module within FIMMWAVE. The simula-
tions are structured into four sections: an input SMF seg-
ment, two side-polished SMF segments (each with vary-
ing SnO; coating thickness), and an output SMF seg-
ment. The finite difference method (FDM) solver is se-
lected for the SMF segment due to its recognized accura-
cy and precision for cylindrical waveguides. Conversely,
for the side-polished SMF segment, characterized by a
more complex profile, the finite element method (FEM)
solver is employed. This approach makes easier the cre-
ation of a mesh with increased mesh points at the mate-
rial boundaries. In both SMF sections, only one mode is
taken into account, as light is exclusively guided through
the core. Conversely, in the side-polished regions, 20
modes are considered to encompass the interaction be-
tween the light guided by the core mode and the modes
of the cladding, resulting from polishing and subsequent
deposition of nano-films.

Dual LMR manufacturing

The dual LMRs are implemented over nanocoated D-
shaped fibers purchased from Phoenix Photonics LTD,
UK, and consisting of a standard SMF-28 from
Corning®, US, with a polished region in between. In this
case, the fibers have a cladding/core diameter of 125/8
pm and the length of the polished portion is 10 mm.

In a previous study on a D-shaped fiber refractometer,
two different nanoscale materials (TiO, and SnQO;) were
used®. However, preliminary tests using contact angle
measurements that are shown in Fig. S1 and detailed in
the Supplementary information confirm that these two
materials exhibit distinct properties in terms of molecu-
lar affinity to water, with SnO, being very hydrophilic
(37 £ 11)°, while TiO; being slightly hydrophobic (114 +
1)° due to the deposition process. To this reason, the use
of two different nano-materials is not pinpointed as the
ideal condition to develop an effective dual-resonance
biosensor since the adhesion of the functional layer can
be envisaged to be different, as well as the biosensor re-
sponse in the two different sensing regions. In addition,
under repeated experimental conditions, it has been
proved that SnO, deposited via DC sputtering adheres
better to the D-shaped fiber than TiO, deposited via

250005-3


https://doi.org/10.29026/oes.2025.250005
https://doi.org/10.29026/oes.2025.250005

Santano D et al. Opto-Electron Sci 4, 250005 (2025)

https://doi.org/10.29026/0es.2025.250005

ALD. Long-lasting biosensor experiments have some-
times experienced drifts in the optical signal due to the
detachment of TiO, from the fiber, whereas SnO, has re-
mained stable and durable. Therefore, the new dual LMR
sensing configuration was finally designed and manufac-
tured based on SnO; nano-films only. This guarantees
the same working conditions (affinity to water, adhesion
of the functional layer and biosensor response) for both
the sensing regions.

Afterwards, the polished region is coated with two dif-
ferent nanometer-scale thicknesses of SnO,. First, a 155
nm thick SnO;, layer is deposited over the D-shaped fiber
with a DC sputtering machine (NanoPVD, NanoVacu-
um, Australia). The size of the sputtering target is 50.8
mm in diameter and 3 mm in thickness. The deposition
is carried out at a pressure of 1.1x10~! mbar of argon and
a current of 120 mA, with rotational tool operating at a
speed of 1 rpm. Then, the D-shaped region is partially
covered using a mask according to the methodology de-
scribed in ref.”’, where a longer region is used for the
LMR located at shorter wavelength in order to balance
the inherent lower visibility compared to the LMR locat-
ed at shorter wavelengths. Finally, 8 mm of the D-shaped
region is covered with a small glass fragment serving as a
mask, while the other 2 mm remains uncovered (see Fig.
1(a)). With this procedure, a second deposition of 30 nm
of SnO; is made onto the uncovered length of the D-

30 nm (SnO,)

150 nm (SnO,) :
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shaped region in order to generate two independent
LMRs.

Sensitivity test

RI measurements are carried out in order to test the re-
sponse of the two LMRs and then retrieve their sensitivi-
ty. With this purpose, different concentrations of glu-
cose are dissolved in water at different dilution ratios in
order to cover the RI range from 1.333 (pure water) to
1.345 RIU. Then the sensitive region of the fiber is im-
mersed in the prepared solutions. Further details about
these experiments are provided in the Supplementary in-
formation.

Selective and separated surface functionalization
and its optical characterization

As stated above, the sensitive region of the sensor is 10
mm long with two different spatial regions. The first, 8
mm long and an estimated thickness of 155 nm of SnO,,
corresponds to the first LMR. The second, 2 mm long
and an estimated thickness of 185 nm of SnO,, corre-
sponds to the second LMR. The 3D sketch of the sensor
is shown in Fig. 1(a). To allow a separated surface func-
tionalization between the two adjacent sensitive regions,
and hence to make it possible the multi-analyte sensing,
a proper tool and method to separately functionalize
both sides are developed. Figure 1(b) shows the ad hoc

S2 biofunctionalization

YA YD)

W/ LY
W " '

anti-CRP ! anti-D-dimer |

antibody /. antibody

Output
light

Dual LMR biosensor inserted
in biofunctionalization cuvette

Fig. 1 | Details of the proposed dual LMR fiber biofunctionalization system. (a) 3D sketch of the dual LMR sensor with two different SnO, thick-

nesses on the D-shaped SMF and related SEM image. (b) Dimensioned sketch of the manufactured piece used for separating the two regions of

the dual LMR D-shaped SMF during the separate surface functionalization. (¢) Detail of how functionalization occurs within the cuvette in both

parts of the dual LMR.
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developed tool used for the purpose. It consists of a 24
mm-long cuvette with 3 wells inside that can be manu-
factured with a simple commercially-available 3D print-
er. The wells are 0.5 mm deep and feature grooves at the
edges and in the middle. This allows the fiber to be in-
serted while ensuring it remains covered with the cor-
rect solution, which is not transferred between the wells.
The wells at the edges are long enough to cover the two
sensitive portions of the fiber, while in the central area
there is a 1 mm well that prevents mixing the solutions of
the border wells, thus shielding each other.

As depicted in the top inset of Fig. 1(a), the characteri-
zation of the nanostructure fabricated onto the D-shaped
SMEF surface, featuring two distinct SnO, thicknesses, is
conducted utilizing an atomic force microscope (AFM)
equipped with RTESPA probes in tapping mode from
Bruker Innova. Additionally, a scanning electron micro-
scope (SEM), specifically the UltraPlus FESEM model
from Carl Zeiss Inc., is employed with an in-lens detec-
tor operating at 3 kV and an aperture diameter of 30 um

for further analysis.

Experimental setup

The transmission spectrum of the fiber sensors is moni-
tored using the experimental setup shown in Fig. 2, to-
gether with the microfluidic system where the fiber sen-
sor is placed during the bioassay experiments. Light is in-
jected through a wide-spectrum multi-LED light source
(FibreLabs, Inc., SLD-1310/1430/1550/1690). Between
the broadband source and the fiber sensor, there is an in-
line polarizer and a polarization controller, which enable

the control and adjustment of the polarization of light

Peristaltic pump

Light source

Polarization
controller

Linezx

polarizer

/ﬁput

light

travelling within the D-shaped SMF with either TE (or s-
polarized) or TM (p-polarized) polarized signals. The
output of the fiber is linked to an optical spectrum ana-
lyzer (OSA, Anritsu MS9030A-MS9701B), allowing real-
time monitoring of the transmission spectrum in a wave-
length range from 1200 nm to 1700 nm.

As detailed in a previous publication*, the microflu-
idic system comprises two identical sections, each of 23
mm in width, 10 mm in depth, and 100 mm in length,
constructed from polyetherimide (ULTEM resin, top
bar) and stainless steel (bottom bar). In between of the
two bars, a micro-channel measuring 1 mm x 1 mm x 50
mm is engraved, resulting in a total volume of 50 uL. The
dimensions of the micro-channel are optimized for the
precise manipulation of small volume samples.

In real world applications, temperature changes may
have an impact on the sensor response. However, in our
case, the detection of target analytes occurs inside a mi-
crofluidic system with embedded temperature stabiliza-
tion*>*°, Two Peltier cells (23 mm x 25 mm) are inserted
beneath the stainless steel bar. The temperature control
is achieved through the use of a thermistor located with-
in a lateral aperture in the same stainless steel bar that
acts as a feedback element of a control unit (TEC con-
troller, LDC-3722B, ILX Lightwave), ensuring precise
thermal regulation within the microfluidic channel. This
configuration enables to guarantee very stable condi-
tions (+£0.05 °C) in terms of environmental changes in
long-term experiments, thus making negligible the tem-
perature cross-sensitivity. Finally, during the bioassay
experiments, the solutions are accurately injected inside

the microfluidic channel at predefined flow rates via a

anti-D-dimer 1
antibody

anti-CRP

antibody i D-dimer psp

~ Optical spectrum
analyzer

Flow cell

Fig. 2 | Complete experimental setup employed for the bioassay implementation, together with the microfluidic system. The detection of the ana-

lytes, D-dimer and CRP, occurs within the flow cell.
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peristaltic pump (GILSON Minipulse 3; Middleton, WI,
US) and suitable medical-grade tubing.

Bioassay protocol

After the optical characterization of the D-shape SMF
with dual LMR in terms of volume RI sensitivity*, the
platform is used to detect biomolecules and clinical
biomarkers. In the first test, rabbit and mouse IgGs are
selected in order to assess the viability of the biosensing
system. Afterwards, two clinical biomarkers involved in
the diagnosis of COVID-19 severity, D-dimer and CRP
proteins, are simultaneously detected following the
bioassay protocol described here below.

First, the entire sensing surface of the optical fiber is
functionalized with Eudragit® L100 as previously report-
ed*?. After that, the -COOH groups provided by the
functional layer are activated in the cuvette by means of
EDC (40 mg/mL) and NHS (6 mg/mL) cross-linking
chemistry for 20 min. The solution is removed and the
sensitive region is washed three times with PBS. The so-
lution containing the biorecognition element is then
added in the corresponding well of the cuvette for its im-
mobilization onto the fiber surface, as it is shown in Fig.
1(c). The biofunctionalization process would add some
complexity that may hinder the scalability of the sensing
platform. However, this process can be automatized by
integrating robotic handling for fiber insertion into the
cuvette and subsequent solution injection, thus making it
feasible for large-scale applications.

In the case of workability of the cuvettes and the
proof-of-concept test for spatially selective biorecogni-
tion element immobilization, 500 pg/mL of goat anti-rab-
bit-IgGAlexafluersd” and of goat anti-mouse-IgGAlexarluortss
are directly added in the respective well for 1 h, then
rinsed with PBS. The fluorescence measurements are
performed with Zeiss Axio Observer Fluorescence Mi-
croscopy System using 5x, 0.12 N.A. objective lens, and
Colibri source system (Zeiss, Oberkochen, Germany). In
the case of subsequent bioassays involving label-free Ig-
Gs, 1 mg/mL is the concentration of both rabbit and
mouse IgGs spiked in PBS that is added in the respective
well. For the experiments involving COVID-19-related
biomarkers, anti CRP and anti D-dimer antibodies are
used in 500 pg/mL concentration spiked in PBS and
added in the respective well, for 1 h. After that, the sur-
face is rinsed in PBS to remove unreacted biorecognition
elements.

At this point, the fiber is then glued and sealed into

the closed microfluidic system as illustrated in the exper-
imental setup shown in Fig. 2, and a constant tempera-
ture of 30 °C is maintained throughout each experiment.
Once inside, PBS is injected in the microfluidic channel
until reaching a stable optical signal. Subsequently, a
blocking solution containing BSA is introduced in a con-
centration of 0.1 mg/mL spiked in PBS, and with a fur-
ther rinsing in PBS in order to remove any unreacted
biomolecule and then obtain the biosensor baseline be-
fore the analyte detection. All rinsing steps are carried
out at a flow rate of 50 uL/min.

In the detection part, increasing concentrations of the
analytes are injected for 15 minutes at a flow rate of 25
pL/min and the biosensor surface is rinsed in PBS after
each analyte injection until the stabilization of the opti-
cal signal is attained. The concentrations of the analyte in
IgG-related experiments are 1, 10 and 100 ug/mL of anti-
rabbit IgG and anti-mouse IgG. In the case of the bioas-
says for the detection of CRP and D-dimer proteins, the
concentrations used are 1, 5, 10, 50, 100 pg/mL. In all
cases, the analyte is spiked in the same running buffer
(PBS).

Results and discussion

In pursuit of advancing optical biosensing technologies,
this study successfully addresses to the very first time the
challenge of envisaging, developing, characterizing, and
assessing a novel dual LMR sensor manufactured onto a
D-shaped SMF for dual-analyte biosensing. Creating du-
al LMRs using SnO; nano-films is essential for detecting
multiple biomarkers simultaneously with optical fiber
devices. This involves a precise two-step deposition pro-
cess to generate a nanostructure with varying SnO,
thicknesses on the flat region of the D-shaped SMF. Ver-
ification through numerical analysis and microscopy-
based measurements, including AFM and SEM, con-
firms the accuracy of the fabrication.

Optical characterization of dual LMR sensing
configuration

As stated in the introduction, multiple LMRs within a
single sensor can be obtained by increasing the thickness
of the one-layer nanocoating’. However, these reso-
nances are interdependent in their spectral shifts, limit-
ing their suitability for sensing only one parameter at a
time. This issue can be overcome by the deposition of a
nanostructure with varying thicknesses of thin film onto
the flat surface of a D-shaped SMF#®. The first step is to
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study the optimal conditions for manufacturing the
SnO;-based dual LMR sensor numerically. Figure 3(a)
shows the simulation window in the cross section of the
D-shaped fiber. This simplification permits to reduce the
computation, enabling the generation of corresponding
fields and spectra in a more efficient manner. Figure 3(b)
shows the optical field intensity of the fundamental fiber
mode (HE; ;) at 1580 nm, the central resonance wave-
length for the region deposited with 185 nm, where the
evanescent field can be clearly distinguished in the
boundary of the fiber cladding and the SnO; thin film. In
addition, Fig. 3(c) shows one-dimensional plots at X=0
from Fig. 3(b), illustrating the evolution of the optical
field intensity across both regions. This observation re-
veals that the evanescent field reaches its peak intensity
at 1310 nm for the 155 nm coated region and at 1580 nm
for the 185 nm coated region.

The Supplementary information section provides fur-

H Simulation window |, um

https://doi.org/10.29026/0es.2025.250005

ther details on the numerical analysis. In particular, Figs.
S2 and S3 account for the evolution of the core mode
along with the fundamental mode of the cladding, and
permit to observe the increase of the evanescent field
when the cladding mode is guided in the thin film, ac-
cording to LMR theory?. In addition, in Fig. S4(a) the
simulation of the transmission spectra can be visualized
with two minima at 1310 nm and at 1580 nm that agree
with the optical field intensity values observed in Fig.
3(c). Figure S4(a) also shows the wavelength shift of both
bands as a function of the surrounding medium RI,
which agrees well with the experimental results of Fig.
S4(b). Finally, in Fig. S5 it is possible to observe the real
time evolution of the signal during the experiment, with
a sensitivity in both LMRs of 4500 nm/RIU (see Fig.
S5(c)).

The effect of functionalization with Eudragit® L100

has also been investigated. It is expected to have a

n HE, ,(wavelength 1580 nm and SnO, 185 nm)

SnO, thin film

€
36 ym —— =1
=
i)
X
@©
>
-5 -10 -5 0 5 10 15
X axis (um)
1175 nm 1310 nm 1445 nm 1580 nm 1715 nm
0.10 0.10 0.10 0.10 010 .
:5: 0.08 /\ 5} 0.08 5 0.08 E 0.08 ”5_ 0.08
HE, , > 006 / \ > 006 \ > 006 < 006 % 0.06
! 2 2 2 ] =
SnO, 155 nm 8 oo \ g oo \\ g 00 £ 004 8 004
>
E,’ 0.02 g 0.02 g 0.02 2 002 % 0.02
“o Yo \(;) Yo | e
-0 -5 0 5 10 -0 -5 0 5 -0 -5 0 5 10 O e s o 5 10 s o 5 10
Y axis (Lm) Y axis (um) Y axis (pm) Y axis (um) Y axis (um)
1175 nm 1310 nm 1445 nm 1580 nm 1715 nm
0.10 0.10 0.10 0.10 0.10
:5 0.08 E 0.08 E_ 0.08 E 0.08 E 0.08
2 2 2 3 3
= 006 /\ > 006 /\ z 008 > 0.06 ;' 0.06
] =z 3 3 z .
HE, 4 8 004 / \ § 004 \ 8 004 g 004 § 004
Sn0O, 185 nm 3 / 5 3 3 3
5 002 / g 002 @ 002 g 002 § 002
P S i & &
0 L I vy s, NS, |
-1 -5 0 5 10 -0 -5 0 5 10 -1 -5 o 5 10 -10 -5 0 5 10 0 -0 -5 0 5 10

Y axis (um) Y axis (um)

Y axis (um) Y axis (um) Y axis (um)

Fig. 3 | Optical field intensity in the cross section D-shaped fiber cross section. (a) Schematic with the simulation window in the center of the fig-
ure. (b) Optical field intensity of HE1 1 fiber mode in the transversal section of the 185 nm SnO; nano-film deposited onto one of the two D-
shaped fiber regions. The 1580 nm wavelength is the central wavelength of the corresponding LMR. (c) Optical field intensity of HE1 1 for X=0 in
(b) as a function of wavelength. Both the 155 nm and the 185 nm coated regions are shown. The red circles indicate the evanescent field at the
resonance wavelengths of 1310 nm and 1580 nm for the 155 nm and 185 nm coatings, respectively.
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negligible impact on the sensor sensitivity since the func-
tional layer has a mean thickness less than 60 nm and a
RI slightly more than that of silica composing optical
fibers. These conditions do essentially not change the
guiding properties of fiber modes and, ultimately, have
no impact on the sensor performance. In order to con-
firm this claim, some simulations in terms of wavelength
shift using the D-shaped fiber sensor of ref.** uniformly
coated with a 160 nm thick SnO; film are performed
with and without Eudragit layer, when immersing it in
liquid of RI of 1.333 and another liquid with slightly
higher RI of 1.343. The curves shown in Fig. S6 detail a
wavelength shift around 50 nm in both cases, thus re-
trieving a sensitivity around 5000 nm/RIU in agreement
with the experimental one. Further details can be found
in Supplementary information.

Figure 4(a) illustrates the spectra of the two-step man-
ufacturing process. The position of the second LMR
agrees well with the simulations, while the first LMR is
shifted around 100 nm compared to the simulations.
This is due to the fact that for the simulations thickness
values are taken from the fabrication of the sensor onto a
glass slide in order to assess the thicknesses of the nano-
films at each deposition step. Afterwards, the sample un-
dergoes the characterization with AFM (Bruker Innova
with RTESPA probes in tapping mode). Figure 4(b) dis-
plays an image of the glass slide utilized in AFM, display-
ing the distinguishable colors of the two sensing regions,
perceptible even to the naked eye. AFM measurements
corroborate a 155 nm thick film of SnO, following the
initial deposition, followed by an additional 30 nm thick
film of SnO;, to achieve a total thickness of 185 nm for
the second region. This configuration facilitates the real-
ization of the dual LMR sensing platform, as illustrated
in Fig. 4(c) and 4(d). In particular, Fig. 4(c) presents an
AFM measurement highlighting the contrast between
the 155 nm thick SnO, region and the bare region with-
out any deposition. This step represents the first of the
two-steps deposition process to attain a dual LMR sen-
sor. Figure 4(d) presents an AFM measurement with the
aim of highlighting and assessing the second step of the
deposition process by comparing the 155 nm thick SnO,
region with the 185 nm thick SnO, region. In addition,
Table 1 gathers the main parameters of the AFM analy-
sis, such as the average thickness, the mean roughness
and the root mean square roughness of the two deposit-
ed regions. These values are in agreement with those pre-
viously reported in ref.*”.

Experimental assays with IgG
After the previous experiments, the next step is to envi-
sion and test an optical label-free biosensor for the detec-
tion of two distinct analytes at the same time. The biggest
challenge is to functionalize the two sensing regions of
the D-shaped fiber independently. This has been
achieved through the design of a custom-made cuvette
depicted Materials and methods (Fig. 1(b)), which en-
ables the grafting of various biorecognition elements on-
to both sensing regions, minimizing or entirely eliminat-
ing cross-interaction. The initial test is carried out direct-
ly immobilizing anti-rabbit-IgGAlexaflursd” and  anti-
mouse-IgGAlexarlorss a5 they are well-known and cost-ef-
fective biomolecules. The use of labeled antibodies with
two different dyes has been selected to prove the grafting
of distinct biorecognition elements in the two sensing re-
gions of the fiber. It is worth underlining that the excita-
tion wavelengths are at 647 nm related to red colored
light for the anti-rabbit IgG and at 488 nm related to
green colored light for the anti-mouse IgG. Figure 5(a)
displays some pictures taken with the Zeiss Axio Observ-
er Fluorescence Microscopy System using the mosaic
wide-area modality. From the top to the bottom, it is
shown the fluorescence image of the dual functionalized
fiber in color and in black & white (gray scale from 0 to
255) when both the excitation wavelengths are active,
and also when the single excitation wavelength is alterna-
tively active. From Fig. 5(a), it is possible to distinguish
the two different fiber regions with labeled anti-rabbit
IgG (right) and anti-mouse IgG (left) with a very small
overlapping region of a length of roughly 1 mm high-
lighted in light yellow. In addition, from the fluores-
cence images in black & white, it is possible to appreci-
ate a good degree of uniformity and homogeneity in the
surface coverage of antibodies grafted onto the fiber. The
fluorescence images with the single excitation wave-
length active are further processed using Fiji Imagej
imaging tool in order to extract additional features.
Figure 5(b) and 5(d) depict a 3D plot of the fluores-
cence signal, represented in gray levels, focusing on the
fiber portion where the deposition of anti-mouse IgG
and anti-rabbit IgG is most uniform. The regions with
uniform deposition of anti-mouse IgG are highlighted in
green, while those with uniform deposition of anti-rab-
bit IgG are highlighted in red. Moreover, Fig. 5(c) and
5(e) report the fluorescence profile (gray level vs. longi-
tudinal distance expressed in um) taken along the select-
ed fiber portions. As confirmed by the calculated mean
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Fig. 4 | Optical characterization of SnO2-based dual LMR sensing configuration manufactured onto D-shaped SMF. (a) Spectra of the dual LMR
sensor obtained after the first and second depositions of SnO2 nano-films. (b) Glass slide deposited following the same method of fiber sensor for
the purpose of AFM measurements. (c) AFM measurement after the first SnO2 deposition. (d) AFM measurement after the second SnO2 deposition.

Table 1 | Statistical parameters from AFM images.

Average thickness (nm)

Roughness (nm)

Root mean square Mean
SnO; (155 nm) 159.633 3.348 2172
SnO; (185 nm) 188.871 2.938 1.889

value of the gray level in the two fiber portions, even if
the region related to the anti-mouse IgG details a higher
gray level and a better homogeneity than the other relat-
ed to the anti-rabbit IgG, the values are still comparable
and remarkable considering a fluorescence background
noise of 10 + 10.

After assessing the spatially selective immobilization

of the biorecognition element onto the two different ar-
eas of the fiber, the complete immunoassay was carried
out. Starting from the immobilization of the mouse IgG
and rabbit IgG onto the two different areas of the fiber as
previously described, the next step consists of placing the
sensor inside the microfluidic system, where all solu-

tions pass through both regions of the dual D-shaped
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Fig. 5 | Verification of the viability of separated surface functionalization via fluorescence image showcasing the separation of the two sensing re-

gions of the fiber where two distinct labeled antibodies are grafted (goat anti-mouse-lgGAiexeFivor488 and goat anti-rabbit-lgGAlexaFluorts? eft and right

respectively). (a) Fluorescence images of the dual functionalized fiber in color and in black & white (gray scale from 0 to 255) from the top to the

bottom when both the excitation wavelengths are active, and also when the single excitation wavelength is alternatively active. Dimension of fluo-

rescence mosaic image: 500 uym (height) x 12000 ym (width). (b) The 3D plot of the fluorescence signal expressed in gray level considering the

fiber portion where there is the most uniform deposition of the anti-mouse IgG highlighted in green and (c) related fluorescence profile (gray level

vs. longitudinal distance expressed in ym) taken along the same fiber portion. (d) The 3D plot of the fluorescence signal expressed in gray level

considering the fiber portion where there is the most uniform deposition of the anti-rabbit IgG highlighted in red and (e) related fluorescence pro-

file (gray level vs. longitudinal distance expressed in um) taken along the same fiber portion.

SMEF. In the bioassay implementation, solutions of both
analytes (anti-mouse IgG and anti-rabbit IgG) are alter-
nately injected from the lowest concentration to the
highest one. This way ensures that all concentrations of
both analytes interact with both sensing regions of the
fiber. Figure 6 shows the complete sensorgram during
the detection of both analytes, where it is possible to
point out that each analyte is only detected with one of
the two LMRs. This further confirms the effectiveness

and the reliability of the method in terms of separation

of both areas during the immobilization of the biorecog-
nition element, as already demonstrated in fluorescence
(Fig. 5).

In particular, the LMR at shorter wavelengths enables
the detection of anti-mouse-IgG, while the LMR at
longer wavelengths allows the detection of anti-rabbit-
IgG. The same concentration range from 1 pug/mL to 100
pg/mL has been selected for both analytes. Ideally, the re-
sponse in the sensorgram should be almost flat in one of

the two sensing regions when the injected analyte binds
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Fig. 6 | Sensorgrams related to the detection of two different analytes during a single bioassay and using a single optical fiber sensor. (a) Detec-

tion of three different concentrations of anti-mouse-IgG with the LMR located at shorter wavelengths. (b) Detection of three different concentra-

tions of anti-rabbit-IgG with the LMR located at longer wavelengths.

with the biorecognition element grafted on the other
sensing region, and vice versa. This helps to unveil any
cross-selectivity between the two analytes. However, it is
important to highlight that at a high concentration of the
analyte (for instance, 100 ug/mL in Fig. 6) the optical sig-
nal in the sensorgram related to the sensing region
placed close to the inlet of the microfluidic system (Fig.
6(a)) suffers from a slight influence from the other ana-
lyte (Fig. 6(b)). This implies that the analyte present in
the injected solution, upon contact with the first sensing
region, tends to accumulate therein. Hence, anti-rabbit-
IgG slightly modifies the optical signal of anti-mouse-
IgG. However, this unwanted signal drops down during
the subsequent rinsing step without changing the level of
the baseline taken in PBS, guaranteeing the absence of
any effective cross-selectivity binding interaction.

Experimental assays with CRP and D-dimer

Once the feasibility of the proposed dual-analyte optical
fiber biosensor has been confirmed through the detec-
tion of two IgGs, the same biosensing platform is envis-
aged for the detection of clinically relevant biomarkers.
The serological value of both CRP and D-dimer has been
associated within a biomarker pool indicating the severi-
ty of COVID-19 infection. Figure 7 illustrates the sensor-
grams and calibration curves achieved through the detec-
tion of both proteins. The detection of CRP (Fig. 7(a)) is
carried out using the LMR located at shorter wave-
lengths, while D-dimer protein (Fig. 7(c)) is monitored
with the LMR placed at longer wavelengths, generated
with the deposition of thicker SnO; nano-film. The con-
centration range used in the detection of both proteins
goes from 1 pg/mL to 100 pg/mL and the minimum de-

tectable concentration is undoubtedly below 1 ug/mL in
both cases, which is of clinical interest for inflammatory
processes and early stages of COVID-19 infection due to
systemic inflammation***,

The effect seen in Fig. 6 also occurs during the detec-
tion of CRP and D-dimer (Fig. 7). In particular, the opti-
cal signal in the D-dimer sensorgram (Fig. 7(c)) follows
the trend of the optical signal during the CRP injection
(Fig. 7(a)) like an accumulation occurring in the non-
specific sensing region. As happening in experiments in-
volving IgGs, this condition barely affects the signal
baseline of D-dimer, since the optical signal primarily re-
covers during the rinsing step in PBS, and hence without
affecting the overall biosensing performance of the pro-
posed biophotonic platform. It is worth underscoring
that all the experiments are carried out by flowing the
two different target analytes on both sensitive regions of
the fiber where the specific biorecognition element (i.e.,
anti-mouse IgG or anti-rabbit IgG antibodies, and anti-
CRP or anti-D-dimer antibodies) has previously been
grafted. Therefore, each experiment can be figured out as
the specificity test with non-target analytes since each
represents the non-target analyte of the other. However,
the sensorgrams in Figs. 6 and 7 reveal minor signal
change in the non-target regions during the analyte in-
jection at high concentrations. In fact, it represents just a
small fraction of the total shift observed during the injec-
tion of the corresponding target analyte. In the case of
IgG (mouse and rabbit) detection, the maximum per-
centage in the detection error due to the non-target ana-
lyte is (6 + 1)% occurring at 100 pg/mL. When dealing
with more complex molecules like CRP and D-dimer,
this error rises up to (11 + 1)% (a more complete analysis
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Fig. 7 | Sensorgrams and calibration curves related to the detection of CRP and D-dimer proteins. (a) Sensorgram and (b) related calibration

curve achieved during the detection of different concentrations of CRP protein with the LMR at shorter wavelengths. (c) Sensorgram and (d) re-

lated calibration curve achieved during the detection of different concentrations of D-dimer protein with the LMR at longer wavelengths. In the cal-

ibration curves of CRP (b) and D-dimer (d), the continuous red line accounts for the fitting curve obtained from the Hill equation, whereas the

dashed red lines determine the 99% confidence level noise band by taking into account the deviation of residuals from the respective fitting

curves.

is reported in Supplementary information, as well as in
Tables S1 and S2). However, the cross-interference can
be envisaged when working with different biomolecules
flowing within the same microfluidic channel, since it is
almost impossible to have any cross-interference or to
have any cross-affinity among different biorecognition
elements.

Figure 7(b) and 7(d) detail the calibration curves of
CRP and D-dimer proteins, respectively. The CRP re-
sponse saturates earlier, exhibiting a smaller change in
the optical signal in comparison to the D-dimer one.
Conversely, the D-dimer response shows a higher wave-
length shift, with a higher concentration of the analyte
required for reaching the saturation. This different be-
havior can probably be explained by the fact that the
molecular weight of D-dimer (180 kDa) is greater than
that of CRP (23 kDa). In these calibration curves, the ex-
perimental data points are fitted using the Hill function
(continuous red lines) and the R? correlation coefficient

is 0.994 for CRP and 0.992 for D-dimer. The Hill equa-
tion, a widely recognized mathematical expression, is
employed to quantitatively assess the extent of interac-
tion among ligand binding sites*®. Following the guide-
lines set by the International Union of Pure and Applied
Chemistry (IUPAC), this equation also enables the calcu-
lation of the limit of detection (LoD) from the attained
calibration curves®*2. The LoD obtained for the CRP
protein is 0.013 pg/mL, while the one for the D-dimer is
0.221 ug/mL, which are values of clinical significance to
discriminate the COVID-19 severity even at early
stages”®. In addition, the 99% confidence level noise
band depicted as dashed red lines is shown by taking in-
to account the deviation of residuals from the respective
fitting curves. While the standard deviation of experi-
mental points provides an indication of the overall noise
of the system during the detection, the mentioned noise
band leverages the effectiveness, reliability and repro-
ducibility of the experimental results. In addition, it is
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worth noting that the noise bands in Fig. 7(b) and 7(d)
for both CRP and D-dimer target analytes detail a negli-
gible deviation from the respective fitting curves at low
concentrations, thereby enhancing the achieved LoDs.
Conversely, a larger deviation occurs at high concentra-
tions where the effect of cross-interference of multiple
analytes would probably contribute to this phenomenon.

Although the LoD is one of the most representative
performance parameter of biosensors, it is indeed a pa-
rameter that is closely related to the specific characteris-
tics of the target analyte, thus making a direct compari-
son between different biosensors very challenging. In ad-
dition, CRP and D-dimer are not among the most com-
monly used biomarkers in optical fiber biosensing'’.
Nevertheless, some optical fiber biosensors have report-
ed CRP detection, such as a polydopamine nanospheres-
modified SPR biosensor that has attained a LoD of 0.22
pg/mL>. An even lower LoD around 2.4 x 10~ pug/mL>
has recently been reported using a localized SPR biosen-
sor combined with hybrid Au@Ag nanostructures. As far
as D-dimer is concerned, an LMR-based biosensor im-
plemented on a D-shaped fiber has demonstrated a LoD
of 10 ng/mL*. However, those examples are just restrict-
ed to the optimization of the sensitivity of the biosensor,
but none of them underscore a multiparametric biosen-
sor capable of detecting more than one single analyte at a
time on a single fiber, as demonstrated in the present
proof-of-concept work.

Clearly, there are other multi-analyte RI-sensing sys-
tems, essentially based on SPR. For instance, Vala M. et
al. have proposed a sensor for the detection up to 10 ana-
lytes but not using optical fibers as platform*®, while sev-
eral optical-fiber based multichannel sensing configura-
tions are mentioned in ref.”’. In contrast, one of the main
advantages of LMR-based sensors is that they can be
generated with less expensive materials than noble met-
als used for SPR-based sensors. Another advantage lies in
its versatility and potential scalability, as recent findings
have demonstrated its capability for translation onto pla-
nar substrates®, and even to photonic integrated
circuits®, which dramatically increases the potential of
the concept of LMR-based multiparameter sensing
shown here. Moreover, our LoDs fit well with clinical
values. In a clinical setting where different biomarkers
like CRP are associated with fast progression and worse
prognosis in COVID-19 infection, it is known that pa-
tients with CRP level greater than 41.8 pug/mL are more
likely to develop severe disease’. Moreover, Zhang et al.

https://doi.org/10.29026/0es.2025.250005

recently establish that the optimum cut-off value of D-
dimer to predict in-hospital mortality is 2.0 ug/mL with a
sensitivity of 92.3% and a specificity of 83.3%%.

In this work, purified biomarkers in PBS have been
used, and a validation with spiked complex samples (i.e.,
plasma or serum) would certainly enhance translational
relevance. However, the goal of this work is demonstrat-
ing the capability to spatially distinguish one biomarker
to the other even along close sensitive regions. Therefore,
this can be envisaged an essential technological proof-of-
concept of multi-window optical biosensor implement-
ed on a D-shaped fiber. In fact, the outcomes obtained
with the present study would have the capability to dif-
ferentiate between the groups with better and worse
prognosis during the COVID-19 infection, thus confer-
ring a valuable tool for early identification, personalized
treatment, and better prognosis. In addition, real time
monitoring of changes in the optical properties occur-
ring on the sensor surface provides a dynamic and im-
mediate insight into biomolecular interactions, surpass-
ing the limitations of conventional detection methods.
Additionally, being label-free, this biosensing platform
eliminates the need for chemical labels or tags, stream-
lining the detection process and minimizing potential in-
terference and costs.

Finally, the ability to unbind target analytes from their
respective biorecognition elements —thus enabling re-
generation of the biosensing layer —is an important as-
pect for the real-world deployment of biosensors. It has
been demonstrated*! that the use of a solution of 1%
sodium dodecyl sulfate (SDS) can unbound the target
analyte from the biosensing surface. This protocol works
very well in case of antibodies used as biorecognition ele-
ment. Moreover, the potential to regenerate LMR-based
optical fiber biosensors has recently been emphasized
through the use of an alternative functionalization ap-
proach combining silanization with an acid regeneration
buffer®.

Conclusions

This study presents a pioneering dual lossy mode reso-
nance (LMR) biosensor fabricated on a D-shaped single-
mode optical fiber (SMF) for real-time and label-free de-
tection of two analytes. The development of dual LMRs
through a precise two-step SnO, deposition process has
been experimentally validated, demonstrating a high re-
fractive index sensitivity of approximately 4500 nm/RIU
for both resonances. Verification through numerical
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analysis and microscopy-based measurements, including
AFM and SEM, confirms the accuracy of the fabrication.

The second challenge to overcome is the independent
functionalization of two distinct sensing regions over an
optical fiber. With a custom-developed holder and an ad
hoc assay protocol, we have successfully detected two dif-
ferent immunoglobulins G (IgGs) using the dual LMR
sensing configuration. The implementation of a fluores-
cence-based assay provides the unambiguous evidence of
the effective separation of the two sensing regions over
the D-shaped fiber in terms of specific surface function-
alization. In addition, the optical results confirm the sep-
arated surface functionalization in two distinct areas
with a negligible overlapping of the biorecognition ele-
ments that turns out into a complete and clear selectivity
in the detection of multiple analytes. This novel proof-
of-concept in surface functionalization represents an im-
portant leap in fiber-based biosensing for multi-analyte
detection.

Once the capability of the biosensor for independent
dual analyte detection was established, it was subse-
quently evaluated for the simultaneous quantification of
two clinically relevant inflammatory biomarkers, CRP
and D-dimer proteins. The sensor enabled precise identi-
fication and quantification of both CRP and D-dimer,
achieving a LoD for CRP of 0.013 pug/mL, while the one
for the D-dimer was 0.221 pg/mL. These values are be-
low their clinical cut-off values for assessing COVID-19
severity, thereby reinforcing its applicability in biomedi-
cal applications.

However, the proposed biosensing system might have
constraints that should be underscored. First, consider-
ing the operating spectral range (1250-1700 nm), the
length of the sensitive region of the D-shaped fiber (10
mm) and the bandwidth of each generated LMR (50 nm
on average), no more than three independent sensitive
fiber regions can effectively be envisaged, which in turn
enables the simultaneous detection of three biomarkers
at the most on a single fiber sensor. Second, this design
finely works when medium-size biorecognition elements
like antibodies or similar (molecular weight > 15 kDa).
Therefore, there might be some issues in terms of cross-
affinity and cross-interference when dealing with small-
size biorecognition elements like nanoantibodies, en-
zymes or aptamers. The same argument can be translat-
ed to the target analyte to be detected. Finally, consider-
ing a typical spectrum of the dual-LMR fiber sensors
with not so deep optical resonances (less than 10 dB),

this has a clear impact on the sensor resolution and de-
tection accuracy, which in turn determine the system
noise and, ultimately, the LoD, altough this can be solved
with deeper polishing of the D-shaped fiber, allowing for
stronger resonances and enhanced performance.

To conclude, the proposed optical fiber-based plat-
form offers a versatile and compact analytical tool for
dual-target biosensing, with broad implications for
biomedical research and clinical diagnostics. In addition,
the label-free nature and real-time monitoring capabili-
ties of the sensor provide significant advantages over
conventional diagnostic methods, eliminating the need
for chemical labels while enhancing sensitivity and speci-
ficity. Hence, the dual LMR biosensor represents a signif-
icant advancement in optical fiber biosensing technolo-
gy, paving the way for the development of next genera-
tion multiparametric detection systems with high sensi-
tivity, specificity, and clinical relevance.
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