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Abstract

Biomarker-based diagnostics offer a promising approach for early cancer detection,
while simultaneous analysis of multiple biomarkers can further improve disease diagnosis by
enhancing sensitivity and specificity of the detection. Although blood-based tests are widely
used for the analysis of biomarkers, they have several limitations such as invasive sampling,
the requirement of trained personnel, and specialized laboratory equipment. Saliva, on the other
hand, as an easily accessible and non-invasive biofluid, has gained great attention as a
diagnostic fluid. Due to its close association with the oral cavity saliva has been extensively
investigated as a means of diagnosing oral squamous cell carcinoma (OSCC). Among
diagnostic biomolecules, concentrations of interleukin-6 (IL-6) and interleukin (IL-8) are
highly correlated with OSCC development. Therefore, in this work, functionalized fiber-optic
biosensor based on semi-distributed interferometer (SDI) was developed for joint detection of

IL-6 and IL-8 biomarkers in saliva.

The biosensor is fabricated in a simple and fast way with <1 minute fabrication time
and entirely based on a common arc-fusion splicer. Surface of the biosensor is then
biofunctionalized to attach antibodies specific to the biomarkers of choice. The detection
system is telecom-fiber oriented and occurs real-time at room temperature using a
commercially available multi-channel Fiber-Bragg grating (FBG) analyzer. As a proof-of-
concept study, the detection was first validated in phosphate buffered saline (PBS) and then in

artificial saliva doped with biomarkers.

The data analysis strategy is based on a multi-resonance approach and takes advantage
of the entire spectral features, which enhances the robustness and reliability of the detection
results. Unlike single-feature approaches, multi-resonance analysis ensures greater resilience
to spectral distortions, since the spectral features of the proposed sensor exhibit varying
sensitivity to biomolecular interactions. This analysis showed that the sensor demonstrated a
limit of detection (LoD) of 480 aM for IL-6 and 23.4 fM for IL-8 in artificial saliva with high
specificity to target proteins. It successfully confirmed the ability to distinguish non-target
proteins (CD44 and TNF-a).

Keywords: Optical biosensor, multi-resonance analysis, IL-6, IL-8, OSCC, point-of-care
diagnostics, semi-distributed interferometer, biomarker detection, surface functionalization



Chapter 1 — (Introduction)

1.1 Saliva as a diagnostic biofluid

1.1.1 Saliva and its composition

Saliva is a body fluid secreted by major and minor salivary glands to protect oral cavity,
lubricate and start digestion of food. Major salivary glands include pairs of parotid,
submandibular, and sublingual glands. 90% secreted saliva is from major salivary glands,
whereas minor salivary glands also found throughout oral cavity are responsible for the rest
[1]. On average approximately 0.5 to 1.5 liters of saliva is produced daily [2]. It mainly consists
of water (99%), electrolytes, digestive enzymes and various metabolites [2]. Salivary glands
are enveloped by capillaries and are highly permeable to biomolecules present in blood [3].
Therefore, it can closely mirror the composition of blood. Depending on the type of analyte
passive diffusion, ultrafiltration, and active transport are mechanisms through which
biomolecules are transferred to saliva [4]. This feature makes saliva a promising diagnostic

biofluid for non-invasive tests.

More than 2000 proteins have been found in saliva, of which approximately 25-30%
overlap with those found in blood [5]; the quality of DNA content in saliva, despite the fact
that it also contains microbial DNA, is comparable to the DNA in blood [2]; and changes in
the concentration of metabolites in blood are consistent with their concentration in saliva [2].
It is essential to recognize that not all components present in blood are transported to saliva,
and the suitability of saliva for diagnostic purposes depends on the disease's pathophysiology.
The concentration of analytes is often found to be 100-1000 times lower than in blood [6]. In
addition, saliva contains macromolecule proteins and mucins that regulate the interaction with
various oral microorganisms, by-products of microorganism activity, and endogenous
biomolecules produced by salivary glands, epithelial cells, and immune responses in the oral
cavity [7]. Therefore, it is important to develop platforms that are exceptionally sensitive and

specific for accurate detection of analytes.

1.1.2 Collection of saliva for diagnostic purposes

The process of collecting saliva samples is painless, non-invasive and doesn’t require
special equipment or trained personnel, which makes it ideal for children and elderly patients.

Main methods of saliva collection are as follows:
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The drooling method (Figure 1(a)) is a procedure when patients are asked to open their
mouth and tilt their head for saliva to drain from the oral cavity to some collecting
containers[8]. The duration of the collection varies from person to person, since the speed of
the saliva secretion is different, and the volume for diagnosis varies from technique. The
patient’s position is called “Coachman’s position” [9]. Usually, this procedure is typically
performed in children aged three and older to ensure that the patient will remain seated as long
as needed. When large amounts of saliva are needed, some sort of stimulation such as applying

citric acid is performed before collecting saliva [10].

The spitting method (Figure 1(b)) is more commonly preferred than the drooling
method due to its high reproducibility [9]. Patients are asked to gently expel their saliva to
some sterile container until the needed volume is achieved [9]. The spitting method is also not

very effective for children younger than 3 years which are often uncooperative.

The absorption method (Figure 1(c)) is the most suitable for children [9]. It involves
placing some absorbing material, usually cotton swabs, in the oral cavity [9]. This method is
utilized in cases where children have difficulties spitting or are uncooperative during the
drooling method. It was found that there is no difference regarding the effectiveness of this
method between children and adolescents in terms of volume of the saliva obtained and overall

applicability.

Lastly, the suction method (Figure 1(d)) requires a special device that aspirates saliva
from the patient’s oral cavity [10]. Needleless syringes, plastic catheters or pipettes are usually
applied to collect saliva in this way. The needed flow rate and volume of saliva can be achieved
by stimulating saliva secretion before collection [10]. This method is favored for infants, young

children and patients with special conditions [9].
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Figure 1. Four methods of saliva collection. (a) the drooling method; (b) the spitting
method; (c) the absorption method; (d) the suction method.

1.1.3 Current methods for the quantification of analytes in saliva
Most analytical methods used to detect biomarkers in saliva are limited to laboratory

settings due to laborious sample preprocessing, the need for specialized equipment, and trained
personnel. In most cases, the enzyme-linked immunosorbent assay (ELISA) is the standard
method for the quantification of proteins and peptides [11]. However, ELISA requires multiple
washing steps, long incubation times, and can detect only one biomarker at a time, making it
inefficient for high-throughput analysis. Its performance is easily influenced by many factors,
including solid-phase uniformity, plate washing efficiency, and sample handling conditions.
Most importantly, commercially available ELISA kits are not intended to be used on saliva
samples. The instructions provided by the manufacturer don’t contain information on how to

reduce signals from overlapping molecules that might be present in saliva.

More robust saliva screening is usually performed by liquid chromatography/tandem
mass spectrometry, where multiplexed classification of several proteins can be achieved [12].
According to Grocholska et al. [13] over 80% of literature on saliva proteomics and
metabolomics is focused on using Liquid Chromatography coupled with Mass Spectrometry
and Gas Chromatography coupled with Mass Spectrometry. However, in the case of
interleukins, low-abundance salivary proteins, even more advanced techniques such as matrix-
assisted laser desorption/ionization time-of-flight are used to ensure high resolution [14]. Most
of the literature usually preferred unstimulated saliva to make sure that there are no external

influences on the concentration of metabolites and proteins [15].
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All these methods require extensive sample preparation steps such protein precipitation,
filtration, pH adjustments and stabilization of some intermediate products and so on. Moreover,
they rely on expensive equipment and reagents that make the analysis costly, particularly in
resource-limited settings. Interfering compounds that absorb light in similar wavelengths or
have similar binding groups also lead to inaccurate quantification due to the complex nature of
saliva. Most importantly, all these methods require trained personnel, equipment maintenance
and data interpretation, which limit its accessibility significantly. Therefore, there is a growing
need for new solutions that are simpler, more cost-effective, and accessible to a wider range of

users.

1.2 Oral cancer

1.2.1 Oral Squamous Cell Carcinoma: Global Trends and Challenges

Oral squamous cell carcinoma (OSCC) is a subtype of oral cancer, representing over
90% of oral malignancies [16]. In regions where tobacco use, alcohol consumption, and betel
quid chewing are prevalent, such as South and Southeast Asia, OSCC accounts for 40% of all
cancers [16]. Western countries are commonly associated with Human Papilloma Virus
infected cases of OSCC [16]. As with any other type of cancer, early detection is one of the
most important aspects of decreasing mortality. According to the National Cancer Institute, the
5-year survival rate for OSCC is 64.4% overall, varying significantly by stage, 83% for early-
stage cases and dropping to 38% in advanced stages [17]. Early diagnosis and treatment have
also been shown to increase survival rates up to 80% [17]. These challenges highlight the need
for improved early detection methods that are accessible to a wide range of populations with

high specificity and sensitivity.

OSCC development is a multistep process where premalignant lesions (leukoplakia or
erythroplakia) are progressed to invasive carcinoma of epithelium of oral cavities. Although
having easy access to visual examinations of the oral cavity, the diagnosis of OSCC is often
delayed due to the asymptomatic nature at the beginning and similarities with benign disorders
such as oral leukoplakia or erythroplakia [18]. Conventional methods such as palpations and
visual inspections are unreliable when it comes to screening cancer. This is driving new

diagnosis methods of OSCC in the scientific community.

1.2.2 Current methods of diagnosing oral cancer
There are several visual screening tools that help clinicians in diagnosing OSCC:
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Fluorescence imaging. Usually, cancerous tissues appear non-fluorescent when
exposed to blue light, while normal oral tissues appear green. Special imaging devices such as

VELSscope were invented to aid this process of visualization [19].

Toluidine blue staining. This vital dye selectively binds tissues with high proliferative
activity, a common characteristic of malignant tissues. This technique guides identification of
risk areas for tissue biopsy tests [19].

Brush biopsy. This method offers a less invasive alternative to traditional biopsy, using
a soft brush to collect cells from the lesion. These cells are subsequently evaluated under a
microscope [19].

Commonly used imaging techniques such as computed tomography, magnetic
resonance imaging, positron-emission tomography, and ultrasound are used in later stages to
assess the depth and size of the tumor. The sensitivity of these imaging techniques varies
between 55 - 80% for MRI and 80% and higher for PET. Therefore, often, they are combined

to improve diagnosis accuracy [20].

While gold standard for cancer diagnosis still remains tissue biopsy, a new tool named
liquid biopsy is emerging. It utilizes body fluids such as blood, pleural fluid, saliva, and
cerebrospinal fluid to detect cancer biomarkers, including circulating tumor cells, circulating
tumor DNA, microRNAs, and various proteomic and metabolomic biomolecules. In the
context of OSCC, liquid biopsy focuses on analyzing genetic mutations, copy of number
variations and methylation patterns in circulating tumor DNA using digital polymerase chain

reaction and next-generation sequencing [21].

OSCC has been proven to affect the composition of saliva depending on the stage.
Different biomolecules were investigated for the diagnosis of OSCC and to distinguish it from
its benign counterparts, including cytokines (IL-8, IL-6, and tumor necrosis factor-o. (TNF-a))
[22], salivary enzymes [23], and microRNAs [24]. Among these, abnormal expressions of
different cytokines has been widely and consistently reported to link the inflammatory response
with the development of OSCC [25]. Their role as key mediators of cell communication enables
them to regulate and respond to various cancer-related mechanisms [26]. Studies reported
significantly elevated levels of IL-6, IL-8, IL-10, TNF-a, IL-1pB, IL-13, IL-4 [25]. However,
studies dedicated to the analysis of the combination of IL-6 and IL-8 proteins in the diagnosis
of OSCC showed the most promising results. Although cytokine levels can also be affected by

other inflammatory conditions such as gingivitis or periodontitis, the extent of these changes
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is significantly lower compared to OSCC cases [18]. A large-scale study of gene expression in
patients with oral cancer also identified the overexpression of I1L-8 and IL-6 unique to OSCC
[27]. Another study by John et al.[28] proved that the combination of these two cytokines offers
a sensitivity of 99% for the diagnosis of OSCC with the specificity remaining high at 90%.

1.3 IL-6 and IL-8 as oral cancer biomarkers

IL-6 is a multifunctional cytokine that is expressed by various cells in the body
including macrophages, T-lympocytes, B-lymphocytes, monocytes, fibroblasts and endothelial
cells in response to the inflammatory stimuli [26]. It plays a critical role in different
physiological and pathological processes, including inflammation, immune responses, and
metabolic regulation. The mechanism of action of IL-6 begins with binding to interleukin-6
receptor (IL-6R) which is present in both membrane-bound and soluble forms [29]. This allows
IL-6 signaling to expand the inflammatory response and tissue repair capabilities. Upon
formation of IL-6 and IL-6R complex, downstream pathways such as Janus Kkinase/signal
transducer and activator of transcription (JAK/STAT) pathway, as well as the mitogen-
activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) pathways are
activated [29]. This signaling network allows IL-6 to contribute to a wide range of biological
effects.

IL-8 or CXCL8 is a proinflammatory chemokine, initially known for its
chemoattracting properties which assist in migration of neutrophils to the site of inflammation.
[26]. It is mainly produced by leukocytes and endothelial cells upon secretion of IL-1 or TNF-
a [30]. Alternatively, various stimuli such as hypoxia, reactive oxygen species and different
chemotherapeutic agents can also trigger production of IL-8 [30]. There are two receptors
CXCR1 (high affinity receptor to IL-8) and CXCR2 (has affinity for various interleukins)
through which IL-8 can exert its effects [31]. Both hematopoietic and non-hematopoietic cells
express these receptors. Upon binding to receptor, IL-8 activates the MAPK (specifically
ERK1/2) and PI3K/AKT pathways, promoting chemotaxis, cell proliferation, and survival
[31].

Normal tissues express very low concentrations of these cytokines: levels of IL-8 from
52.1 to 1578 pg/mL, levels of IL-6 varied from 0 to 16 pg/mL in some studies and from 33.4
to 69.2 pg/mL in other studies based on a meta-analysis of 14 articles [32]. According to the
same study, in patients with OSCC, their levels were significantly higher, varying from 283.7
and 4082.8 pg/mL for IL-8 and from 0.707 to 435 pg/mL for IL-6. Their specific roles in

tumorigenesis are still unknown, but research has found that IL-6 expression affects DNA
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methylation patterns, and its consistent expression results in the inactivation of tumor
suppressor genes [26]. Furthermore, as a member of the cytokine family, IL-6 can recruit
monocytes to the site of inflammation, triggering a chronic inflammatory response [26]. IL-8
persists longer at the inflammation site and improves tumor cell proliferation, facilitates tumor
cell migration, and invasion [26]. Cancer cells also secrete IL-8 for the up-regulation of matrix

metallopeptodase-7 that contributes to the epithelial-mesenchymal transition [23].

1.4 Optical biosensors as a potential tool for diagnostics

Despite the high resolution and accuracy of analytical methods for quantification of
salivary proteins, they are constrained by high costs and the need for specialized laboratory
settings, limiting their accessibility for widespread use. In contrast, optical sensors have
emerged as an alternative due to their capacity for real-time analysis, high sensitivity, and
potential for miniaturization. They also offer benefits such as low reagent usage, high signal
clarity, and immunity to electromagnetic interference. What is more important, these
advancements have paved the way for the parallel detection of multiple biomarkers in non-
invasive biological fluids. Since more accurate assessment of disease state is provided by the
behavior of a group of biomarkers, this will enhance the diagnostic efficiency of optical

platforms.

In fact, not many studies have focused on parallel detection of OSCC biomarkers using
optical sensors. For example, Kaminska et al. [33] in their research developed surface-
enhanced Raman scattering (SERS)-based immunoassay that allowed them to detect IL-6, IL-
8 and 1L-18 levels in blood plasma samples. The integration of Au-Ag bimetallic nanoparticle
surface enhanced sensitivity and sandwiched immunoassay with Raman reporter molecules
improved the specificity to cytokines. Although this method is reliable and the multiplexing
capabilities of the sensor are high, the complexity of sandwich immunoassay, similar to that of
ELISA, and label-based detection mechanism can lead to challenges with precise washing
steps, time-consuming detection with multiple incubation steps, and potential variability in
signal intensity due to nanoparticle aggregation or nonuniform distribution of reporter

molecules.

Another study by Dong et al. [34] developed an optical microfluidic biosensor with
highly sensitive organic photodetectors that can detect eight proteins in parallel. Experiments
with the device on cytokines such as IL-8, MMP-8 and IL-1B demonstrated LoD of 1.07 pM,
2.35 pM, and 4.57 pM respectively. Furthermore, they were able to perform detection on real
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human saliva samples and compare the results with ELISA. The proposed sensor response

correlated well with the ELISA results, offering advantages over bulky optical instrumentation.

There is a noticeable lack of research on sensors that demonstrate parallel detection of
OSCC biomarkers in saliva samples. Most current approaches remain limited to single-analyte
detection, which doesn’t fully reflect the complex cancer environment. This highlights the
significance of the present work where contribution to joint detection of salivary I1L-6 and IL-

8 is explored for the diagnosis of OSCC.

1.5 Framework of the study

This proof-of-concept study aims at developing an optical sensor based on semi-
distributed interferometer (SDI) that will demonstrate high sensitivity and selectivity to
salivary levels of IL-6 and IL-8. The current study doesn’t involve real human saliva samples.
Instead, the experiments are conducted using phosphate-buffered saline (PBS) doped with
cytokines and subsequently in artificially saliva. This allows to assess the performance of the
sensor in simplified and controlled way excluding all variables that may affect the response of
the sensor. It is hypothesized that proposed sensing platform will demonstrate superior
sensitivity, label-free detection capability, and real-time monitoring potential compared to
conventional methods based on immunoassays, particularly for detecting low concentrations
of biomarkers.

The objectives are:

- To fabricate and functionalize the semi-distributed interferometer-based optical
biosensor;
- To assess the performance indicators of proposed biosensor using multi-resonance

analysis in PBS doped with IL-6 and IL-8;

- To assess the performance of proposed biosensor using multi-resonance analysis in

artificial saliva doped with IL-6 and IL-8;

- To assess specificity of the proposed biosensor using non-target proteins using cross-
reactivity, TNF-a and CD44.
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Chapter 2 — (Materials and Methods)

2.1 Materials

Phosphate Buffered Saline PBS (Sigma Aldrich, #P4417), sulfuric acid (SAFC, # 1.00713),
hydrogen peroxide (Sigma Aldrich, #349887), methanol (Sigma Aldrich, #179337), (3-
Aminopropyltrimethoxysilane (APTMS) (Sigma Aldrich, #281778), glutaraldehyde (GA)
(Sigma Aldrich, #340855), methoxypolyethylene glycol amine (m-PEG) (Sigma Aldrich,
#07964).

Recombinant proteins and monoclonal antibodies were purchased from Cloud-Clone Corp.
Monoclonal Antibody to Interleukin 8 (#MAA080Hu22), Monoclonal Antibody to Interleukin
6 (#MAAQ079HuU22), Recombinant Interleukin 8 (#RPA080Hu01), Recombinant Interleukin 6
(#RPAO79Hu01)

2.2 Fabrication of semi-distributed interferometers (SDI)

The interferometers are fabricated in a similar way to the previous work [35]. The
fabrication method implemented in the process can shortly be described as “splice-and-cleave”.
The structure of the sensor is based on single-mode fiber (SMF-28) where the tip is the sensitive
part to the surrounding’s refractive index. The sensitive part is provided by the enhanced
backscattering fiber (EBF) which in our case is MgO nanoparticles doped fiber. In figure 2(a),
two types of the fibers are aligned and spliced using standard telecom splicer (Fujikura 12-S).
Then the sensing tip of around 1 mm is formed by manually cleaving EBF side of the spliced
fibers with a single fiber cleaver (Fujikura CT-08). In order to differentiate between two types
of fibers spliced together, the EBF side is colored using a dark colored marker. The result is
the semi-distributed interferometer with the cavity having scattering centers that cause a set of

distributed reflections.

2.3 Calibration of SDI

To assess the sensitivity of optical biosensor calibration is performed using sucrose
solution. In total, 6 RI changes are detected by SDI including 1.3476, 1.3497, 1.3522, 1.3546,
1.3570 and 1.3585. 10 % sucrose solution corresponds to the lowest RI, and by adding
increments of 400 ul of 40% sucrose solution five times other RI changes are obtained. The

response of the sensor to RI is detected using Micron optics device where for wavelength range
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of 1460 to 1620 nm the return loss (dBM) of each peak and valley is recorded. Experimental
setup is shown in figure 2(b). The sensor is connected to the FBG analyzer (Micron Optics

si255, VA, US) through FBG fiber to compensate for environmental fluctuations.
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Figure 2. Artwork demostrating experimental setup and biofunctionalization. (a) The

""splice-and-cleave™ method of SDI sensor fabrication. (b) Sensor interrogation setup. (c)
Biofunctionalization process detailing the modification steps.

2.4 Functionalization of SDI

The antibody attachment process begins by preparing the sensing tip through a series
of treatments. Initially, the sensors are immersed in a Piranha solution (a mix of H.SO4 and
H>0> at a 4:1 ratio) for 15 minutes. Following thorough rinsing with water and air-drying, they
are placed in a 1% APTMS solution in methanol for 20 minutes. The sensors are then heated
in an oven at 110°C for one hour. After cooling, the sensors are incubated in a 25% GA solution
in PBS for an additional hour. Antibodies are attached by immersing the sensors in a prepared
antibody solution (4 pg/mL in PBS) for one hour. To prevent non-specific binding, the sensors
are treated with a 10% m-PEG solution in PBS for 30 minutes. Finally, the prepared sensors
are stored in PBS at 4°C until they are ready for use in detection. The schematic representation

of this procedure is represented in figure 2(c). The surface analysis of functionalization used in
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this work has been repeatedly described in previous works [36], [37], [38]. For this reason, in

this work, it is not included.

2.5 Detection of IL-6 and IL-8 in media

Protein detection setup is similar to calibration step. The sensor is connected to Micron
Optics device via FBG, and a tip is placed in a cap with media spiked with protein. Solutions
of proteins with specific concentrations are prepared beforehand by serial dilution. For both
proteins concentrations of 0 M, 10 aM, 1 fM, 100 fM, 10 pM, 1 nM, 100 nM are measured.
The preparation of these solutions involve preparation of intermediate dilutions to minimize
pipetting errors due to small sample solutions used in this biosensing assays. The information
about the preparation of solutions is presented in Tables 1 and 2. The biosensor is incubated in

each solution for 20 minutes and the data is saved each minute.

For specificity tests, the same setup and concentration range were implemented to
ensure consistency. Functionalized sensors were used to measure the levels of TNF-a, CD44
and checked for cross-reactivity (IL-6 functionalized sensors were used in detection of IL-8
spiked solution and vice-versa). All the specificity tests were conducted using artificial saliva.
The acquired data were analyzed using custom MATLAB scripts. The details of the analysis

are covered in the next section.

Table 1. Serial dilution preparation planning for IL-6 spiked solution

Dilution | IL-6 volume, uL Source PBS or artificial | Concentration
saliva volume,
uL
1 1.88 from 21.28 uM 398.12 100 nM
working stock solution
2 40 from dilution 1 360 10 nM
3 40 from dilution 2 360 1nM
4 40 from dilution 3 360 100 pM
5 40 from dilution 4 360 10 pM
6 40 from dilution 5 360 1pM
7 40 from dilution 6 360 100 fM
8 40 from dilution 7 360 10 fM
9 40 from dilution 8 360 1fM
10 40 from dilution 9 360 100 aM
11 40 from dilution 10 360 10 aM
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Table 2. Serial dilution preparation planning for IL-8 spiked solution

Dilution | IL-8 volume, uL Source PBS or Concentration
Atrtificial saliva
volume, uL
1 0.48 from 83.33 uM 399.52 100 nM
working stock solution
2 40 from dilution 1 360 10 nM
3 40 from dilution 2 360 1nM
4 40 from dilution 3 360 100 pM
5 40 from dilution 4 360 10 pM
6 40 from dilution 5 360 1pM
7 40 from dilution 6 360 100 fM
8 40 from dilution 7 360 10 fM
9 40 from dilution 8 360 1fM
10 40 from dilution 9 360 100 aM
11 40 from dilution 10 360 10 aM

2.6 Data Analysis

SDI devices, as studied analytically [37] and experimentally [35] in previous work, are
devices that produce a plurality of spectral features having random spectral spacing and
intensity, each encoding the biological sensitivity. This approach results in rapid fabrication,
but each sensor has a different spectral fingerprint. While in previous reports only the most
significant spectral feature was extracted and analyzed, in this work we propose a multi-
resonance analysis that exploits all the spectral features and their statistical distribution. This
approach has three key advantages: (1) it removes the need for a manual analysis of a single
feature, while this can be automated regardless of the spectral shape of each sensor; (2) it is
more robust, since it accounts for all spectral features, and therefore it is more resilient to
spectral distortions introduced by network elements (e.g. couplers, splitters, fiber attenuation);

(3) in real case scenario, it makes the sensor less vulnerable to the power fluctuations.

The sketch of multi-resonance analysis is shown in Figure 3. The first step is to separate
the spectral band of the FBG from the SDI fringes; the FBG is then used to compensate for
temperature fluctuations and realign the spectrum. Within the SDI bands, all spectral features
(peaks and valleys) are then estimated using > 1.5 dB, which results in the SDI spectral
envelope. The intensity change (AA) for each peak/valley is then studied, as the concentrations
of IL-6/IL-8 increase, with respect to the reference condition. The intensity change for each

spectral feature can then be analyzed, each having a different sensitivity. We perform a fit of
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the whole spectral features dataset into a Gaussian probability density function (PDF)
distribution: the mean value shows the intensity-changing trend of the whole set of features,
while the standard deviation shows the sparsity of the concentration dependent sensitivity
among the set of features. Then we can also perform a sensitivity analysis, reporting the

statistical distribution of the IL-6/1L-8 sensitivity for each feature.
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Figure 3. Visualization of the processing steps for multi-resonance analysis

2.7 Performance Indicators

Sensitivity estimation: log-linear regression for response in PBS; log-quadratic
regression for response in saliva.

LoD estimation:

XLoD = 3_l(yblank + 30max) Q)

where xLoD = LoD concentration; 3 = log-linear or log-quadratic input-output relation; yblank
= blank level average response; omax = maximum value of the one-sided standard deviation

across all concentrations, for 20 consecutive measurements.

Repeatability: response measured for multiple SDI/FBG sensors, each fabricated from
scratch on the same fiber and undergoing same functionalization. Responses are normalized

(0%: lowest concentration; 100%: highest concentration) to account for different sensitivity.
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Chapter 3 — (Results)

3.1 Detection of IL-6 in PBS

IL-6 doped in PBS detection was performed using an SDI-based sensor functionalized
with anti-1L-6 antibodies with a maximum sensitivity of 163.86 dB/RIU that belongs to the
valley between 1590 and 1600 nm of its spectrum. The sensor had around 80 valleys and peaks
that were sensitive to small changes in RI, as proved after the calibration step. These random
spectral features serve as a foundation for multi-resonance analysis, where intensity changes
(AA) are extracted from relevant peaks and valleys to enhance detection sensitivity. The multi-
resonance analysis was conducted on peaks and valleys separately, since the response to the
change in concentration is different. The log-linear fit for valleys suggests that the intensity
change is stable and consistent across all extracted valleys (Figure 4), whereas the log-quadratic
fit for peaks reflects the nonuniform trend (Figure 5).

The spectrum of the sensor for IL-6 is presented in Figure 4(a) where the spectral
variations at different concentrations are also added. The general trend is the downward shift
of the spectrum as the concentration of the target protein increases. A closer look at the intensity
changes for the extracted valleys is provided in Figure 4(b), which reflects the real-time
dynamic intensity variations of each spectral valley. The figure shows a systematic shift in
intensity towards the blue region, indicating an increase in Rl as a result of a higher
concentration and stronger protein binding. However, not all spectral features exhibit equal
sensitivity to RI changes, which is confirmed in Figure 4(g), where individual valleys (green
dots) show variability in their sensitivity. For this reason, some spectral features show less
intense color changes over time (Figure 4(b)). Figure 4(c) summarizes the behavior of the
spectral valleys by providing a visualization of PDF, reconstructed as a Gaussian distribution,
where the color intensity represents the probability of a given AA at a specific time point. The
density exhibits sharp transitions every 20 minutes, reflecting a change in protein
concentration. Figure 4(d) reconstructs the PDF using IL-6 concentrations to show the trend in
intensity change. Both figures agree that the distribution of intensity changes broadens over
time, which corresponds to the increase in protein concentration and the resulting larger
intensity variations across all spectral valleys. This suggests that certain spectral features are
more responsive than others and reinforces the advantage of multi-resonance analysis over

single-peak methods.
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The overall trend of intensity change towards negative values is also evident from
Figure 4(e), where the time-averaged response (blue line) shows a stepwise decrease in
transmission intensity. This is also true for PDF visualizations depicted versus time (Figure
4(c)) and protein concentrations (Figure 4(d)), where intensity changes moved towards
negative values. Due to environmental noise and variations in optical coupling, the real-time
response (black line) exhibits fluctuations. The sensor exhibits excellent sensitivity and a strong
correlation between IL-6 concentration and response, as confirmed by a LoD of 8.64 fM
(Figure 4(f)).
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Figure 4. Detection of IL-6 protein in PBS, applying multi-resonance analysis to spectral
valleys. (a) Spectrum of the SDI/FBG sensor for various concentrations of IL-6. (b)
Variation of the intensity change for each identified spectral valley, varying the
concentration each 20 minute. (c) Probability density function (PDF), reconstructed as a
Gaussian function, across the experimental timeline. (d) PDF and its Gaussian distribution
estimation for the intensity change of each spectral valley, for various IL-6 concentrations
(10 aM to 100 nM). (e) Real-time dynamic response of the sensor to IL-6 concentration

changes; shadow = two-sided standard deviation. (f) Response of the sensor to I1L-6
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concentration, estimating the sensitivity by log-linear regression and the detection limit;
error bars = standard deviation of 20 consecutive measurements. (g) Estimated sensitivity
for each spectral feature (boxplot and cloud), compared to the sensitivity obtained from

multi-resonance analysis (purple line).

Despite the non-uniform trend of responses obtained by spectral peaks, the behavior of
their PDF is similar — the intensity changes broaden over time as the concentration of protein
increase (Figure 5(a)). The saturation of the response happens around 10 pM with a linear
response at lower concentrations (Figure 5(d)). Therefore, the LoD calculated for spectral
peaks (0.638 fM) is lower compared to the one obtained for spectral valleys.
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Figure 5. Visualization of the IL-6 detection in PBS, applying multi-resonance analysis to
spectral peaks. (a) PDF and its Gaussian estimate for each IL-6 concentration. (b)
Dynamic changes of the PDF over time. (¢) Dynamic response of the sensor to various
concentrations. (d) Response of the sensor to IL-6 concentration; sensitivity estimated

using a log-quadratic fit. (e) Estimated sensitivity for each spectral feature.
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Repeatability of the sensor was checked by observing response of the most significant
spectral feature for nine sensors functionalized for the detection of IL-6. It was chosen to
track the consistent and clear repeatability results which would be easier to interpret. Figure
6(a) shows the characteristic log-linear fit for the most significant feature, which is a valley or
a peak that has the strongest correlation with the change in concetration of the protein. It can

be seen that the response repeatability is high and varies between 10-20% (Figure 6(b)).
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3.2 Detection of IL-8 in PBS

The spectrum of SDI used for the detection of I1L-8 is shown in Fig. 7(a). The maximum
sensor sensitivity is 127.3171 dB/RIU. The distribution of spectral features is different from

that of the previous sensor (Fig. 7(a)) which is expected due to random reflections in SDI.



26

However, the general trends observed for this sensor are similar to those previously observed
with the IL-6 sensor. That is why only the main figures reflecting specific and fingerprint trends
are shown in figure 7. Here, the PDF, reconstructed as the Gaussian distribution, is represented
in a 3D figure showing the dependencies of AA for both time and IL-8 concentration
simultaneously for precise visualization (Fig. 7(b)). The broadening of the PDF distribution is
more evident in this sensor, with a systematic shift towards negative values, as expected.
Compared to the previous sensor, this sensor has a higher proportion of spectral features that
have lower sensitivities (Fig. 7(e)), which results in a greater broadening of the PDF as the
overall response becomes more dispersed.
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Figure 7. Detection of IL-8 protein in PBS. (a) Spectrum of the fabricated SDI/FBG
biosensor. (b) Estimated PDF of the intensity change throughout the concentration
increase from 10 aM to 100 nM. (c) Dynamic real-time response of the sensor, showing
mean and two-sided standard deviation. (d) Response of the sensor to IL-8 concentrations,
estimating sensitivity by log-linear regression. (e) Estimated sensitivity for each spectral
feature (boxplot and cloud), compared to the sensitivity obtained from multi-resonance

analysis (green line).



27

A similar trend as with the detection of IL-6 is observed from the real-time dynamic
response (Fig. 7(c)). Although some deviations are present in the sensor response, the time-
averaged response confirms the sensor’s ability to track I1L-8 concentration variations in real
time. The LoD from the log-linear fit of the response is calculated to be 124 fM (Fig. 7(d)).
The multi-resonance sensitivity of 0.0133 dB/10x [IL-8] from log-linear fit response (Fig. 7(d))
is lower than the sensitivity of certain individual spectral features or the median sensitivity
obtained from the box plot (Fig. 7(e)). This is expected and true for all sensors in the analysis,
since multi-resonance analysis includes the response for all spectral features regardless of their
lower individual sensitivities. Incorporation of all spectral features reduces the susceptibility
of single peak/valley with high sensitivity to noise, fabrication variability, and environmental

fluctuations. This ensures a more robust and reproducible analysis of this detection method.

3.3 Detection of IL-6 and IL-8 in artificial saliva

Two channels of the interrogation device are used for the parallel detection of IL-6 and
IL-8 in artificial saliva. The maximum sensitivities of SDI selected for functionalization are
117.87 dB/RIU and 124.83 dB/RIU for IL-6 and IL-8, respectively. The same steps of multi-
resonance analysis were applied to construct figures (Fig. 8). To better visualize the comparison
and account for parallel detection of analytes, the results for both sensors are shown in one
figure. As expected, the behavior of the sensors in artificial saliva is similar to that observed in
PBS. The PDF, reconstructed as a Gaussian function, shows a leftward shift and broadening of
the distribution as concentration increases (Fig. 8(b)); the real-time response is stepwise (Fig.
8(c)). However, the intensity change for IL-8 is observed to be much larger from Fig. 8(c).
There might be several reasons for this. First, from the estimated sensitivity for each spectral
feature, the median sensitivity is larger for the IL-8 sensor (Fig. 8(h)). Furthermore, the
molecular weight of the purchased recombinant human IL-8 is about four times lower, which

may facilitate its receptor binding process and change in local RI.

The log-quadratic regression fit, with R2 > 0.99, obtained for both sensors is different
from what was observed in PBS. This means that the response for each 10X increase in
concentration is not uniform and, over time, the signal saturates leading to plateauing of
intensity change. The corresponding LoD in artificial saliva is 480 aM and 23.4 fM for IL-6
and IL-8 respectively, as determined by log-quadratic regression fit (Fig. 8(f-g)). Fig. 8(d-e)
accounts for the repeatability results in artificial saliva. The sensors have a high repeatability

that varies from 18-40% for three IL-6 sensors and 17%-28% for three IL-8 sensors. A closer
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look at the repeatability results can be observed in Figure 9. Three sensors for each type of

protein were functionalized and used to identify most significant spectral features that will be

used to estimate repeatability in artificial saliva.
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Figure 8. Detection of IL-6 and IL-8 proteins in artificial saliva. (a) Spectra of the
biosensors fabricated for protein detection. (b) PDF and its Gaussian fit for the intensity
detection estimated on all spectral features, for all protein concentrations. (c) Real-time
responses of the sensors throughout the concentration changes (10 aM to 100 nM). (d-e)
Repeatability of the sensors, observed by comparing the responses of 3 different sensors

having same fabrication and functionalization. (f-g) Responses of the IL-6 and IL-8

sensors to protein concentration, using a log-quadratic fit and LoD estimation. (h)

Estimated sensitivity for IL-6 and IL-8 sensors, evaluated for each spectral feature.
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Figure 9. Repeatability observed for multiple sensors fabricated and biofunctionalized for
IL-6 and IL-8 detection, measured in artificial saliva (3 sensors each). Repeatability is
displayed normalizing the responses of the most significant spectral feature for all sensors
(range = standard deviation; solid line = average; 0% - lowest concentration; 100% =

highest concentration). (a) IL-6 repeatability; (b) IL-8 repeatability.

3.4 Specificity of IL-6 and IL-8 sensors

The specificity of the sensor was assessed by performing a detection procedure in artificial
saliva doped with non-target proteins. The fabrication and functionalization procedures were
the same for both the IL-6 and 1L-8 sensors. Figure 10 compares the results of the detection in
two forms. Figure 10(a) shows the overall log-linear response for the most significant spectral
feature, and Figure 10(b) represents intensity changes obtained for specific concentrations for
a more comprehensive overview of the results. Detection (in Figurel10(a)) corresponds to the
detection of the target protein in artificial saliva, cross-reactivity stands for the 1L-6 and IL-8
protein detection procedure by a sensor functionalized oppositely, and the controls are CD44
and TNF-a proteins detection in artificial saliva. It is evident that negligible intensity changes
are detected by the sensor with non-target protein detection for both control and cross-reactivity
groups. Flatter regression slopes indicate negligible or no sensitivity to non-target proteins.
This is further confirmed by looking at average intensity change values at given concentrations

(Figure 10(b)). The strongest intensity changes are detected for the respective targets at all
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concentrations. This effectively proves that the proposed sensors are highly selective and

suitable for real-world applications.
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IL-6 and IL-8 sensor responses against target and non-target proteins



Optical sensors have become a platform for detection of ultra-low concentrations of
analytes and a promising tool in the development of point-of-care devices. Especially after the
COVID-2019 pandemics, it has become evident that the rapid detection of biomarkers is
critical for decentralized healthcare. This offers new possibilities for the accessibility of
healthcare diagnostic systems in resource-limited or quarantine settings by providing quick,
reliable, and actionable results. Saliva is particularly valuable diagnostic fluid in this sense,

offering non-invasive, patient-friendly collection with minimal pre-treatment for diagnosis.

In this work, a multi-resonant analysis of protein detection was performed using an
SDI-based optical sensor. The performance indicators obtained from this analysis supported
the hypothesis stated in the introduction. As shown in Table 3, the proposed sensor

demonstrates superior characteristics compared to most commercially available immunoassay
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Chapter 4 — (Discussion)

Kits.

Table 3. Performance indicators of commercially available ELISA Kits.
Manufacturer, Minimal Assay Range Sample Volume | Catalog #
target Reliable

Detectable
Concentration
Invitrogen, <5 pg/mL 15.6-1000 50 uL KHC0081
Human IL-8 pg/mL
Invitrogen, 2 pg/mL 2-250 pg/mL 100 uL 88-8086
Human IL-8,
uncoated
ELISA kit
Invitrogen, <0.01 pg/mL 0.0128 - 5000 | 2-5uL A35575
Human IL-8 pg/mL
ProQuantum
Immunoassay
Kit
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Millipore, 0.8 pg/mL 0.82-200 pg/mL | 50 uL EZHILS8
Human IL-8
Aviva systems | 1.7 pg/mL 3.9-250pg/mL | 50 uL OKCDO01311
biology, Human
IL-8
Invitrogen, <1 pg/mL 10.24-400 50 uL EH2IL6
Human IL-6 pg/mL
Invitrogen, <0.05 pg/mL 0.064 - 10|2-5uL A35573
Human IL-6 ng/mL
ProQuantum
Immunoassay
Kit
Millipore, 3 pg/mL 1.37-1000 50 uL RABO0307
Human IL-8 pg/mL
R&D Systems, | NA 9.4 - 600 pg/mL | 100 uL DY206
Human IL-6
This work, IL-8 | 0.2808 pg/mL 0.12 pg/mL - | 350uL NA

1.2 ug/mL
This work, IL-6 | 22.56 fg/mL 0.47 pg/mL -4.7 | 350 uL NA

ug/mL

NA — not applicable

The minimum reliably detectable concentration, or LoD, for the sensor developed in
this work is lower than commercially available ELISA kits. They typically report a minimum
reliably detectable concentration range of 1-5 pg/mL, as shown in Table 3. It is also important
to highlight the differences in the curve-fitting approaches used to calculate this value. The
sigmoidal model used for the optical sensor results reflects the typical behavior observed in
biosensing, where signal saturation occurs due to limited binding site availability. In contrast,
ELISA kits are optimized and manufactured to follow a linear model for ease of interpretation
and use. As a result, they are often designed to operate within a limited concentration range.
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This is reflected in Table 3 where the working concentration range is significantly broader for

the proposed sensor than for ELISA Kits.

The sigmoidal behavior of sensor response is consistent with a previously reported
study of the detection of IL-8 in artificial saliva with a fiber-optic ball resonator [36]. They
reported flattening of the signal near 10 fM, whereas in the presented work, flattening occurred
at the highest detected concentration of 100 nM. One potential mechanism behind this
saturation is the use of the same sensor for all serial dilutions; incomplete protein release from
the antibody may prevent full regeneration between measurements. Another possible factor is
the complex composition of artificial saliva where mucins and other biomolecules are present
to mimic human saliva and its viscosity, potentially interfering with the target protein.
However, the detected range is sufficient for measuring target protein levels in raw saliva

without the need for dilution.

Our optical fiber-based biosensor offers a label-free detection approach, eliminating the
need for enzyme-linked detection antibodies or fluorescence labeling. This simplifies the
detection process and reduces the assay complexity. Compared to the sensors reported in Table
4, which represent recently developed biosensing platforms for the parallel detection of several
cytokines, our biosensor demonstrates superior performance in terms of LoD, reaching the
femtogram level and offering high sensitivity for detecting low-concentration biomarkers. The
proposed method also offers advantages over biosensors based on electrochemical impedance
spectroscopy (EIS). Optical sensors provide higher sensitivity, allowing for detection of ultra-
low analyte concentrations. Furthermore, optical sensors are resistant to electromagnetic
interference, unlike EIS-based sensors. These advantages of the proposed optical biosensor
position it as a promising platform for rapid and highly sensitive biomarker detection in

complex biofluids.

However, the observed sensitivities for the developed sensor are much lower than
previously reported weak reflector tip fiber-optic ball resonator sensors using a similar
functionalization method [36]. They reported a sensitivity of 0.091 dB per 10-fold increase in
target protein concentration, with a LoD of 4.68 aM. However, SDI sensors offer advantages
in terms of easier and faster fabrication as well as cost-effective, telecom-fiber oriented
detection. In this work, detection is performed using a commercially available FBG

interrogator, allowing for a scalable and more accessible approach.
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Table 4. Different biosensors for the detection of interleukins from literature

Detection method Targets Limit of Studied Media Ref.
detection concentration range
SERS-based IL-6,IL-8 | IL-6: 0-30 ng/mL Plasma | [33]
multiplexed and IL-18 | 2.3 pg/mL
immunoassay IL-8:
6.5 pg/mL
IL-18:
4.2 pg/mL
Photodetector-based | IL-8, IL- between 80 NA Atrtificial | [34]
optical microfluidic | 1P, and pg/mL and saliva
biosensor MMP-8 120 pg/mL
SERS-based dot-blot | IL-6 and I pg/mL (IL- | 1pg/mL-10 ng/mL | NA [39]
immunoassay IL-8 6)
Fiber-optic IL-6 and 1.344 pg/mL | 30 pg/mL to 10.5 PBS [40]
microsphere-based | IL-8 and 64 fg/mL | ug/mL
antibody array
EIS-based on IL-6,IL-8 | 5 pg/mL each | 0-2500 pg/mL PBS [41]
nanotube titanium and TNF-a
dioxide array
Lateral flow-based | IL-6 and 1 pg/mL each | IL-6: 1-100 pg/mL | Urine [42]
EIS IL-8 IL-8: 1-1000 pg/mL
Optical fiber-based | IL-6 1 pg/mL 0-200 pg/mL Serum [43]
fluorescent
biosensor
Confocal optics- | IL-8 4 tM 6 ftM—12 pM PBS [44]
based micro-sensor
SDI sensor IL-6 and IL-6: 480 aM | 10 aM — 100 nM Artificial | This
IL-8 (22.56 fg/mL) saliva work
IL-8:23.4 fM
(0.2808

pg/mL)
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Chapter 5 — (Conclusion)

In this work, the multi-resonance analysis of an FBG-assisted SDI-based probe-shaped
sensor is presented. The sensor demonstrated selective detection of OSCC biomarkers in
artificial saliva, achieving a LoD of 480 aM for IL-6 and 23.4 fM for IL-8. It successfully
confirmed the ability to distinguish non-target proteins (CD44 and TNF-a). The comparison of
the performance indicators with commercially available ELISA kits showed that the developed
sensor offers better LoD and working range. Additionally, the multi-resonance approach that
leverages the entire spectral response rather than a single spectral feature enhances the
robustness and resilience to spectral distortions. The future work should focus on validating
the sensor's performance in clinical saliva samples and demonstrating that under real-world
implications the multi-resonance analysis makes the sensor less vulnerable to the power

fluctuations.
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