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We present an optical fiber label-free biosensor based on a partially stochastic Fabry-Perot interferometer for the
detection of CCL5 (CC Chemokine Ligand 5) cancer biomarker. The sensor has a very simple fabrication process,
with a splice-and-cleave approach that requires only one splice and a subsequent cleave at the fiber tip. The
enhanced backscattering within the Mg-NP fiber paired with the Fresnel reflection at the fiber tip forms a low-
finesse interferometric structure; the inner reflections due to Rayleigh scattering provide an additional layers of
phase shifts, forming a semi-distributed interferometer (SDI). The average sensitivity of the SDI sensors has been

reported to be 92.5 dB/RIU. Sensors were biofunctionalized for the purpose of detecting CCL5 by means of a
silanization process. We report the detection of CCL5 in diluted serum with a sensitivity of 2.947 mRIU for each
10-fold concentration increase and a limit of detection of 17.6 aM.

1. Introduction
1.1. Biosensors for cancer biomarker detection

The enzyme-linked immunosorbent assay (ELISA) is the most
commonly used method for biomarker detection and quantification in
biological samples in routine clinical diagnostics. ELISA methods are
based on the principle of a solid phase enzyme-linked immunosorbent
assay using colorimetric or fluorescent readout signals for visual
detection of cancer biomarkers [1]. In parallel to immunoassays, real-
time operating biosensors are shifting the cancer biomarker detection
paradigm to a rapid diagnostic procedure, building on both labeled and
label-free methods that exploit the capability to detect changes in the
biological samples (such as blood, saliva or urine) and a bio-
functionalization process that enhances the specificity.

Within this technological challenge, optical fiber biosensors are
playing a significant role in modern devices for the detection of cancer
biomarkers [2] because they enable real-time detection and the

possibility for in situ diagnostic. Due to their small size and light weight,
these biosensors can be included in medical devices such as catheters
[3], endoscopic probes [4], or subcutaneous sensors [5].

One important class of optical fiber biosensors makes use of large-
core, multimode fibers (MMFs) operating at visible wavelengths and
using UV-VIS spectrometers as detectors [6]. Common approaches rely
on surface plasmon resonance [7], U-bent fibers [8], or a simple inter-
rogation of Fresnel reflectivity at the fiber end [9]. For this reason, MMF
fibers are therefore commonly employed in low-cost fiber optic systems,
including smartphone hardware [10]. MMF-based biosensors, however,
have two main drawbacks when used in precision and low-limit diag-
nostic: 1) the presence of a large number of weakly confined modes
makes the sensing systems sensitive to power fluctuations and vulner-
able to the effects of fiber bending because the fiber hosts numerous
modes (in the order of several thousand up to a few million); and 2) most
of the sensing approaches require the light to be transmitted through the
sensing region, whereas in situ sensing requires a single reflective probe
[11].
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For this reason, modern approaches for sensing have relied on
telecom-grade single-mode fibers (SMFs). Since all the light is propa-
gated with a single well-confined mode and therefore is traveling with
the same effective refractive index, SMF-based biosensors have a much
better stability and power handling. In addition, telecom-grade hard-
ware can be used, having a much narrower spectral or power resolution.
The two main architectures based on SMF biosensors rely on special
fiber Bragg gratings (FBGs), and in-fiber interferometers. Grating-based
biosensors such as tilted FBG [12] and long-period gratings [13], also
employed in biochemical sensing [14-16]. excite cladding modes within
the fiber structure. These biosensors also have the same problems of
MMF-based biosensors because the fiber cladding is a multi-mode
guiding structure [17]. On the other side, interferometers can achieve
high performance [18], and can be implemented through micro-
fabrications [19], as reported in [20] for DNA sensing and in [21] for
HER2 cancer biomarker detection. However, the fabrication process for
interferometers is quite cumbersome and cannot be easily automated.
The realization of a SMF-based low-cost, reflective biosensor with an
entirely automated fabrication process is still an open challenge.

In order to reduce the fabrication complexity and enable low-cost
sensing units for the detection of cancer biomarkers, minimalistic ap-
proaches with a one- or two-step fabrication process leading to sensors
with a quasi-random reflection spectrum have been proposed [22]. A
first approach of this kind consists of a fiber-tip ball resonator, which has
been reported for the detection of CD44 cancer biomarkers [23]. Other
strategies rely on reflector-less biosensors, which are accomplished by
etching or tapering an optical fiber to increase the evanescent wave
profile.

1.2. The proposed semi-distributed fiber-optic interferometer

In this paper, we take a further step towards fabrication simplicity by
introducing a reflecting probe that only requires two operations: a SMF-
SMF splice performed with a telecom splicer, and a fiber cleave at the
tip. We refer to this method as “splice-and-cleave” for this reason. The
structure is formed by using an unconventional sensing fiber, doped
with Mg-silicate nanoparticles (Mg-NP) in its core [24]. Fig. 1 shows a
schematic illustration of the use of Mg-NP doped fiber in biosensing.
Although the entire fiber can be used in biophysical sensing of tem-
perature or shape in medical devices [25], earlier work has described the
use of such fiber in reflector-less biosensors, in which no reflective ele-
ments are used and only the enhanced Rayleigh backscattering is needed
for sensing. This has first been reported using an etched structure [26],
and more recently with a fiber taper [27]. Both of these structures have
been used to detect biomarkers, and they both require the fabrication of
a sensing probe using either wet-etching in hydrofluoric acid or tapering
a fiber with a CO;, laser splicer.
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The approach proposed in this paper converts the Mg-NP fiber into a
splice-and-cleave semi-distributed interferometer (SDI). The interface
between the SMF and the Mg-NP fiber acts as a weak mirror, with a
second mirror obtained on the fiber tip; this forms a Fabry-Perot cavity
with deterministic properties. Due to the randomly distributed re-
flections within the Mg-NP, we get a continuous collection of reflections
with random patterns as the density of the scattering centers fluctuates
throughout the fiber profile, resulting in a stochastic set of mirrors. The
resulting SDI structure combines the deterministic and stochastic
properties to create a low-finesse interferometer with well-defined
modes and average sensitivity of 92.5 dB/RIU (refractive index units).
Given that both splice-cleave operations can be completed on a typical
telecom splicer in less than a minute, this is the simplest fabrication of an
interferometric sensor to date. Additionally, the detection limit is
improved because the SDI is extremely sensitive and telecom-grade
hardware has higher accuracy than UV-VIS spectral analyzers.

1.3. Significance of CCL5 as a biomarker

The proposed SDI sensor has been functionalized for the detection of
a cancer biomarker with increasing impact for diagnostic applications.
The concept of using cytokines as biomarkers for early diagnosis and
surveillance of various diseases has recently attracted a lot of attention
in the literature. Chemokines coordinate leukocyte migration to control
immune responses against cancer [29]. CC chemokine ligand 5 (CCL5)
facilitates the migration of T cells and monocytes to areas of tissue
injury. Hence, the inflammatory insult can induce the expression of
CCL5. CCL5 is expressed by tumor cells in addition to T lymphocytes,
macrophages, eosinophils and platelets [30]. Certain types of tumors
have been linked to the overexpression of CCL5, which in turn accel-
erates tumor growth, improves tumor cell motility, and stimulates
angiogenesis [31].

Additionally, CCL5 is becoming a more vital biomarker in the early
diagnosis and monitoring of a number of cancers, such as breast cancer
[32], lung cancer [33], prostate cancer [34], pancreatic cancer [35],
esophageal cancer [36] and gastric cancer [31]. CCL5 serum levels range
from 13 ng/mL [37] to 35 ng/mL [38] in healthy individuals, but they
canrise to a mean of 66 ng/ml in cancer patients [39]. Overall, there was
a substantial difference in the serum levels of CCL5 in cancer patients
and healthy controls. As a result, the expression of CCL5 by cancer cells
and the presence of the protein in serum may signify that the illness is
developing and becoming more debilitating [40].

CCL5 is the major ligand of CCR5, a chemokine receptor of consid-
erable relevance in pathology, from HIV-1 to atherosclerosis, and the
CCL5:CCR5 axis is indeed central to cancer [41].

ELISA-based techniques and immunoassays have been used to
analyze CCL5 in human bodily fluids, specifically plasma or serum. The
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Fig. 1. Details of the structure of MgO-NP fiber-based sensors for biomedical applications. The proposed semi-distributed interferometer design is depicted in the
schematic alongside the architectures that were previously published. (a) The MgO-NP stand-alone fiber has been implemented in physical sensing, including shape
detection [25] and temperature changes [28] in medical devices. The design of this structure was subsequently modified to create reflector-less biosensors by
enhancing the evanescent fields. The proposed designs are based on (b) etching [26], and (c) shallow-tapering [27] MgO-NP fiber. (d) The proposed semi-distributed
interferometer enhances the ease of the biosensor fabrication by taking advantage of the tiny reflectivity at the SMF/MgO-NP interface to create a second mirror
through straightforward fiber cleaving, forming a cavity interleaved by the partially reflective fiber cross-section.
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detection principle of this method is based on complexing antibodies
and antigens to produce a measurable result [42]. Despite the ad-
vancements in the use of ELISA-based technologies for protein detection,
many drawbacks remain. For instance, ELISA-based procedures have
limited throughput, require a lot of samples for various analyses, and
present difficulties for point-of-care diagnostics [43]. The majority of
commercially available HRP/TMB-based (3,3',5,5-Tetramethylbenzi-
dine - horseradish peroxidase) colorimetric ELISA kits have detection
limits of approximately 2 pg/mL, encompassing a broad range of values
(0.94 pg/mL — 2000 pg/mL).

2. Materials and methods
2.1. Materials

SDS — PAGE was performed on BioRad equipment (Hercules, Cali-
fornia, United States) with a Tris-Glycine-SDS running buffer serving as
the electrolyte: 1.9 M Glycine, 0.25 M tris(hydroxymethyl)amino-
methane (TRIS) base, and 0.03 M SDS, pH 8.3. Protein samples were
separated into 0.75 mm thick gels with 15% acrylamide. PageRuler™
Plus Prestained Protein Ladder (Thermo Scientific™) was used as a
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molecular weight marker. Electrophoresis was conducted at 150 V. The
membranes for the Western Blotting were incubated overnight with
polyclonal Rabbit anti-Human RANTES (CCL5) antibody (Peprotech)
diluted to 1:1000 in TBS 1X buffer + 0.1 % Tween 20 containing 3% BSA
(Sigma-Aldrich). Goat anti-rabbit IgG horseradish peroxidase-
conjugated antibodies (Sigma-Aldrich) diluted to 1:5000 in TBS 1X
buffer + 0.1 % Tween 20 containing 5% dry milk solution were used as
secondary antibodies.

SMF (SMF-28e+), sucrose, 70% sulfuric acid: 30 % hydrogen
peroxide, 3-aminopropyl trimethoxysilane (APTMS), methanol, glutar-
aldehyde, BSA, Phosphate buffered saline (PBS) and Human serum (HS),
1 ml (Bioject® Budget 100 IU insulin), venous catheter (size G16).

2.2. Working principle of the biosensor

See Supplementary Materials, section A.

2.3. Fabrication of the sensors

The schematic, fabrication and functionalization processes for the
SDI biosensor for the label-free detection of CCL5 are shown in Fig. 2.
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Fig. 2. Fabrication, interrogation, and biofunctionalization process for a semi-distributed interferometer label-free sensor for CCL5 detection. (a-b) The setup used
for the interrogation, employing (b) an OBR instrument for the interrogation with a SMF fiber output and (a) data acquisition via dedicated software. (c) Schematic of
the biosensor, showing the cavity formed with two mirrors at the tip and at distal side (SMF/Mg-NP interface). (d) Photograph of the OBR hardware and sensing
system. (e) Biofunctionalization process, highlighting the piranha cleaning, silanization, fixation, and incubation steps.



A. Rakhimbekova et al.

The fabrication of the Mg-NP fibers was carried out as follows. The
preform was fabricated by the conventional MCVD (Modified Chemical
Vapor Deposition) technique [44]. A germanosilicate porous layer was
deposited inside an F300 silica tube (Heraeus, Germany) with external
and internal diameters of 20 and 17 mm, respectively. 0.1 M of
MgCly and 10~*M of ErCls were dissolved in ethanol to prepare the
doping solution. Magnesium was added to trigger the formation of Mg-
silicate nanoparticles by phase separation [45]. A non-conventional
solution doping method was used to dope the core’s porous layer. The
doping solution (5 ml) was injected into the horizontally rotating tube
and then dried at room temperature with an oxygen gas flow. This step
was repeated three times (total amount of doping solution injected: 15
ml). The porous layer then was sintered and the tube was collapsed into
a preform by heating above 2000 °C. The diameter of the preform was
kept around 10 mm. Optical fiber was finally produced on a drawing
tower by heating the preform to approximately 2100 °C. This step in-
duces an elongation of the nanoparticles [46]. The fiber has a 125 ym
diameter with a 10 um core. The refractive index difference between the
core and the cladding has been measured using a Photon Kinetics S14
and was estimated to be 1072, Based on EDX analyses, the highest Mg
and Ge concentrations are 1.7 and 0.3 at%, respectively. In the fiber, the
largest nanoparticle diameter (in the transverse section) is about 100
nm. A Rayleigh backscattering profile is reported in Supplementary
Material.

Regarding the SDI fabrication, a SMF fiber was spliced to the Mg-NP
fiber; by using the optical backscatter reflectometer (OBR), the exact
location of the Mg-NP fiber corresponding to the reflection peak was
identified. Then the sensor was cleaved on the fiber tip side leaving a
part of Mg-NP fiber, corresponding to the Fabry-Perot cavity, having
length < 1 mm. The whole fabrication process requires < 2 min to the
operator; it is mostly dedicated to the SMF/Mg-NP splice, which is a
process that however is common to most of the other optical biosensors
such as gratings or interferometers (which also require to be spliced),
while the OBR scan and cleave require less than 30 s. All the sensors
reported in this work have been fabricated using this method.

All sensors were calibrated in order to measure the response to the
surrounding refractive index (RI). The calibration method is similar to
the one reported in [23]. Each sensor was exposed to different RI values,
starting with a solution of 6 ml of 10% sucrose, and then increasing by
200 pL of 40% sucrose in each step until the solution reaches 1 ml (RI =
1.34866 to 1.35186) were calibrated using an Abbemat 3000 refrac-
tometer. Given the narrow RI range (ARI = 3.2 mRIU), we used a linear
small-signal approximation verifying that the regression has coefficient
of determination R > 0.95.

2.4. Surface biofunctionalization

The surface of the fabricated SDI was cleaned by immersing it in a
solution of 70% sulfuric acid and 30% hydrogen peroxide for 15 min to
remove organic contaminants and activate the surface [47]. It was then
washed with deionized water and dried in the air. The cleaned surface
was then treated with a solution of 5% 3-aminopropyl trimethoxysilane
in methanol for 90 min. The silanized region was then washed with
methanol and water and baked in an oven at 80-90 °C for 30 min to
eliminate solvents and promote cross-linking. The surface was then
treated with a solution of 2.5% glutaraldehyde in PBS for 2 h in order to
attach anti-CCL5 antibodies onto the fiber surface next in the concen-
tration of 34 pg/mL. The surface was then rinsed with PBS and incubated
in an antibody solution at 4 °C overnight [23]. The next day, the surface
was rinsed again with PBS to remove unbound antibodies, blocked with
1% BSA for 30 min, and rinsed with PBS again before being used for
protein detection.

2.5. Interrogation of the fiber-optic probe

The interrogation of the sensors has been performed using an optical

Optics and Laser Technology 168 (2024) 109953

backscatter reflectometer (Luna OBR4600, Luna Inc.), operating in fre-
quency mode. The instrument was set to scan the spectrum over
1527-1613 nm with 1 GHz resolution bandwidth and no gain; spectral
data were filtered with a low-pass digital filter (Butterworth, 5th order,
0.1 cut-off). The spectral intensity analysis was carried out by using a
second-order polynomial fit to estimate the peak/valley intensity levels.
Since the SDI probes have an interferometer-shaped spectrum, we show
the spectral peak for each measurement that displays the most consistent
response among the high-sensitivity spectral peaks.

2.6. CCL5 detection and specificity analysis

The functionalized SDI sensors were used to detect CCL5 in PBS and
HS 10%. The free end of the sensor was placed inside a venous catheter,
where a solution of PBS or FBS containing the antigens with specified
concentration was injected using a 1 ml syringe with a 30Gx" needle.
The solution was incubated for 10 min at room temperature, while the
changes were measured every minute by OBR. The protein concentra-
tion range was from 1 aM to 10 nM and it was increased by a factor of 10
for each step. The signal was recorded under stable and quiet conditions,
to prevent any disturbances in measurement as the sensor is very sen-
sitive to vibrations. In order to account for the different sensitivities, the
response of the sensor was normalized by the RI sensitivity.

The specificity test was conducted to evaluate the performance of the
sensor in detecting CCL5 in presence of unrelated proteins (IL4 and
thrombin). Samples containing identical concentrations of each protein
were sequentially injected into a venous catheter equipped with a sensor
at 10-minute intervals in the following order: thrombin, IL4, and CCL5.
The sensor was washed with PBS before the measurement.

2.7. Surface morphology analysis

Atomic force microscope (JPK NanoWizard 4XP, Bruker Instruments
Germany) was used to image the surface morphology of the biosensor
after each functionalization step using a super sharp probe NSG30_SS
(NT-MDT, USA). The sensing tip had calibrated spring constant K = 26
N/m, resonant frequency f = 300 kHz, and typical tip curvature radius r
= 2 nm. All images were acquired in the air at room temperature
operating in PeakForce Tapping® mode at 1 pm? scan size with a res-
olution of 5 nm/pixel. All images were processed with JPK-Data pro-
cessing application and the root mean square (RMS) roughness was
obtained. Gwyddion software was used to generate three-dimensional
(3D) images for visualization of the surface roughness. For each sur-
face functionalization phase including the bare biosensor, three separate
samples were prepared and imaged, each with at least 10 different sites
for statistical analysis. To assess the statistical significance of changes in
the surface roughness between various phases, statistical tests were
conducted using GraphPad Prism 9 (see Statistical analysis section in the
Supplementary Materials).

3. Results
3.1. Spectral analysis and refractive index detection

We report in Fig. 3 the spectrum of a semi-distributed interferometer,
obtained through a cavity with an estimated length of ~ 0.35 mm. We
observe that the spectral fingerprint resembles a low-finesse interfer-
ometer [48], with reflectivity values around —30 dB and free spectral
range (FSR), defined as the wavelength difference between two adjacent
peaks or valleys, equal to 2.5 nm at 1550 nm. The fringe visibility of the
interferometer is about 0.08. The reflection spectrum corresponds to the
semi-stochastic configuration of the SDI sensor: while the spectral en-
velope has the waveform of a classical interferometer with a well-
defined FSR, the inner spectral levels appear to fluctuate due to the
strong reflections occurring within the Mg-NP fiber. The sensor com-
bines a stochastic part (due to the stochastic nature of the nanoparticles
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Fig. 3. Spectral characteristics and refractive index
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size and distributions within each fiber cross-section), and a determin-
istic part (the reflections at the fiber tip and the distal side of the
interferometer, which can be measured). The backscattering trace,
supplied in Supplementary Data (Figure S6) shows that the reflectivity
occurring at the SMF/Mg-NP interface is 10> while an ideal Fresnel
reflection yields a reflectivity of 1.4 1073,

The RI sensitivity is encoded in each spectral peak/valley, as each RI
increment causes a reduction of the mirror reflectivity on the fiber tip.
This can be evaluated by tracking the intensity change for each mode as
a function of each RI value; the intensity levels have been estimated
using a second-order fit with the method reported in [49]. The intensity
drops for any peak or valley, as shown in Fig. 3(b-e); by means of linear

Wavelength (nm)

regression, the sensitivity for each spectral feature can be estimated,
ranging from 77.1 to 168.3 dB/RIU.

Since the sensitivity appears to vary as a function of the investigated
spectral feature, in Fig. 3(f) we report the experimentally obtained
sensitivity for each peak or valley within the SDI spectrum; all features
reported in the chart have R > 0.95. The average value of the sensitivity
is 92.5 dB/RIU, with a standard deviation of 14.5 dB/RIU. We observe
that in general, the sensitivity is higher for spectral dips (mean: 98.2 dB/
RIU, standard deviation: 15.9 dB/RIU) and lower for spectral peaks
(mean: 86.8 dB/RIU, standard deviation: 10.1 dB/RIU). The RI sensi-
tivity reported for this sensor is similar to the value reported for fiber-
optic ball resonators [23], which also track the intensity change of the
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spectral envelope with an OBR instrument, and has shown attomolar-
level detection limits for proteins sensing.

Similar behavior was observed for multiple SDI sensors that have
been fabricated; the spectra for additional sensors are reported in Sup-
plementary Materials, Figure S7.

3.2. Detection of CCL5 biomarker

Label-free detection of CCL5 has been performed using different
sensors, each employed for the detection in PBS or in serum. The
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detection was performed by stabilizing the measurement for 3 min, and
obtaining then 7 consecutive measurements at 1 min sampling time.
CCL5 concentrations were taken from 1 aM to 100 nM with a 10-fold
increase between each value.

The spectra of the SDI biosensor used for detection in PBS are shown
in Fig. 4(a-b); the sensor displays an interferometric pattern with FSR of
2.2 nm and maximum reflectivity close to —30 dB. The whole spectrum
appears to shift downwards as CCL5 concentration increases. A different
sensor was used for the detection in serum, with spectrum shown in
Fig. 4(c-d); this SDI biosensor has a FSR equal to 1.1 nm, and a

Fig. 4. Label-free detection of CCL5 in PBS and serum
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reflectivity level of around —35 dB which is lower than the previous
sensor possibly due to the quality of the fiber cleave angle on the tip side.
In order to account for the different sensitivity of each sensor, and the
different peaks that are used for CCL5 detection, the sensor output has
been normalized by the sensitivity of each sensor, thus reporting the
corresponding change in refractive index units; this process was used for
other fiber-optic biosensors previously reported [50]. The sensitivity of
the sensor used for the detection in PBS is 74.3 dB/RIU, while the sensor
used for serum detection has a sensitivity rating of 24.6 dB/RIU.

The detection of CCL5 at different concentrations is reported in Fig. 4
(e), and is reported for both PBS and serum analytes in terms of average
values and error bars (+standard deviation). The response in PBS shows
a log-linear trend, with excellent linearity (R? = 0.98) confirming the
typical trend reported for fiber-optic sensors working with the inter-
ferometric principle (Ran et al. 2021). The sensor is responsive to very
low concentrations, exploiting the dense wavelength sampling obtained
through the OBR instrument. The sensitivity obtained for this sensor is
4.13 mRIU for each 10x increment of CCL5 concentration. A similar
trend was observed for the measurement in serum, obtaining a log-linear
pattern (R2 = 0.96) and sensitivity of 2.95 mRIU for each 10-fold protein
concentration increase.

The limit of detection (LoD) was estimated using the analytical
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method reported by (Chiavaioli et al. 2017). The method is based on the
log-linear fit obtained by regression and reported in Fig. 4(e); the LoD
concentration xjo,p has been estimated as x;,p = l(yblank + 36max)
where y = f(x) is the log-linear function relating the concentration
change to the sensor output, ypjank is the sensor output obtained for the
blank sample, and 6pax is the maximum of all the standard deviation
values obtained for all concentrations.

The LoD was estimated at 17.6 aM in serum, while the value in PBS is
2.86 fM; the fact that the limit is lower in serum is explained by the
larger uncertainty that was observed in PBS at 0.1 nM concentration. In
any case, the chart clearly displays that the sensor has a detectable
response even at concentrations of CCL5 as low as a few tens of atto-
molar, confirming the capability of this label-free detection method.

In order to assess the repeatability to reproduce different CCL5
sensors, we compared three different sensor outputs (normalized, in
order to account for the different sensitivity ratings) and tested them on
the same CCL5 concentration range. The results, reported in Figure S9 of
Supplementary Materials, show that the level of reproducibility floats
between 9% and 26% throughout the intermediate concentrations
measured in PBS, confirming the quality of the detection.

The biological performances of the SDI biosensors can be compared
with other fiber-optic biosensors based on either interferometers, or

Fig. 5. Analysis of the specificity to CCL5 of the semi-
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other analogous weak reflectors on the fiber tip. The main analogy is
with fiber-optic ball resonators, which have been demonstrated for the
detection of CD44 biomarker with limit of detection of 4.68 aM in serum
using a fiber silanization [23] and 111 fM when using a hybrid func-
tionalization [51], sharing a similar intensity-detection principle.
Conversely, interferometers have also been used to detect proteins in
serum: the harmonic microfiber cavity reported by Ran et al. reported a
detection limit of 13.5 ng/mL for the detection of cardiac troponin I

42 0m
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biomarker [18], while the Mach-Zehnder on-fiber interferometer pro-
posed by Li et al. [52] shows a detection limit of 257 ng/mL for bovine
serum aluminum detection. Overall, the LoD levels are comparable, but
the SDI probes offers a clear advantage in terms of ease of fabrication.

3.3. Specificity

The specificity of the CCL5 biosensor is shown in Fig. 5, performed
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Fig. 6. Surface roughness analysis for unmodified and surface-modified biosensors. 3D images of a 1 pm x 1 pm scanned biosensor surface for the following
conditions: (a) bare/untreated sensor, (b) treatment with 3-aminopropyl trimethoxysilane (APTES), (c) further treatment with glutaraldehyde (GAG), (d) immo-
bilization with antibodies (AB), and (e) attachment of CCL5 cancer biomarker to antibodies treated surface (AB_AG). (f) Roughness is statistically compared following
each functionalization phase (N >= 35). (g) A typical height profile along a horizontal line in the image. All measurements were performed in air using PeakForce

Tapping® mode.
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for a SDI sensor biofunctionalized for CCL5. The first chart shows the
measurement trace, which has been performed by exposing the func-
tionalized biosensor to increasing concentrations of controls (thrombin,
IL4) and then to CCL5 protein. The measurement was performed at 1 aM,
10 pM, 100 pM, 1 nM, and 10 nM repeating the steps. The trace shows
that the increments of CCL5 concentration cause a change of the trace
ranging between 1.1 1073 RIU to 2.4 1072 RIU; on the other side, con-
centration increments of the controls contribute to either negative
change of the sensor outputs (up to —0.9 1073 RIU) or to a small change
of the output (up to 0.4 10~ RIU). The second chart shows, in a bar
chart, the differential outputs for each incremental step of CCL5
compared to the controls; while CCL5 increments contribute to a posi-
tive output (corresponding to the decrease of spectral levels), the
thrombin and IL-4 contributions show the opposite sign, and are mar-
ginal compared to CCL5 detection. Such behavior was previously ob-
tained for reflector-less biosensors [26]. Overall, the CCL5 detection has
a high specificity, as the response to non-specific controls has magnitude
ranging from 34.6% at low concentration (10 pM) to 34.8% at the
highest concentration (10 nM), while exhibiting a trend with the
opposite sign.

3.4. Analysis of the biofunctionalized surface

Fig. 6(a-e) illustrate the surface morphologies of all functionalization
phases, including the bare sensor. For all phases of the sensor, the mean
and standard error of the mean (SEM) values of the root-mean-square
(RMS) roughness are computed and summarized in Table S1. As can
be seen, the surface of the bare sensor in Fig. 6(a) is quite smooth, with a
measured roughness value of 1.2 + 0.07 nm. Fig. 6(b) shows how 3-ami-
nopropyl trimethoxysilane (APTES) treatment elevated the sensor’s
surface roughness to 2.9 £ 0.25 nm. The surface roughness rose to 17 +
2.10 nm after additional glutaraldehyde (GAG) treatment, as shown in
Fig. 6(c). The roughness decreased to 10 + 0.87 nm after immobilization
of anti-CCL5 antibodies (AB), rather than increasing further. This
decrease in surface roughness is the result of the surface being conju-
gated with anti-CCL5 antibodies filling up the valleys created by the
APTES treatment and lowering the height difference between the peaks
and the troughs on the surface. Antibodies were successfully immobi-
lized on the GAG-functionalized sensor as evidenced by the regularity in
the size of spherical micelles seen in Fig. 6(d). Several globular micelles
were discovered on the surface of the CCL5-attached sensor (AB_AG),
some of which were found to be significantly larger than the micelles for
antibodies (see Fig. 6(e)). The outcome further demonstrated that CCL5
were bound to the AB-treated surface after detection. However, as can be
shown in Fig. 6(f), the surface roughness after CCL5 attachment only
slightly increased and was not noticeably different from that of the AB
treated surface. The reason for this insignificant change is that the
biosensor is so sensitive that it can detect when just a few CCL5 mole-
cules have attached to the sensor surface (i.e. approximately 5 CCL5
molecules on a 1 pm? area), which is not enough to increase the surface
roughness of the entire scan region. Fig. 6(g) depicted the representa-
tive’s height profile along a line drawn through the center of the scan
region.

4. Conclusions

We reported the fabrication and biofunctionalization process for a
fiber-optic semi-distributed interferometer aimed at the detection of
CCL5 cancer biomarker. The sensor has a rapid and simple fabrication
process, based only on one splice and one cleave of single-mode fibers.
The working principle is routed in the use of high-scattering Mg-nano-
particles doped fibers to increase Rayleigh scattering and form a highly
reflective cavity. As such, the sensor exhibits a low-finesse Fabry-Perot
interferometric spectrum, with a measurable FSR up to a few nanome-
ters wide, and a semi-stochastic spectral envelope due to the random
distributions of the nanoparticles.
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The sensitivity of the device is experimentally assessed to be 92.5
dB/RIU (average value), similar to the prior high-performance fiber-
optic biosensor. Different sensors have been functionalized for CCL5
detection, showing detection limits of 2.86 fM in PBS and 17.6 aM in
serum, hence compliant with the best fiber-optic biosensors reported so
far. The specificity and reproducibility of the sensing device have been
assessed.

The results obtained pave the way for CCL5 real-time detection with
a compact sensor, having outstanding biological performance compat-
ible with ultralow-limit detection, suitability for operation in low-
abundance analytes, and low-cost disposable operation due to the
simplicity of fabrication.
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