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Chapter 1

Introduction

Optical interferometry technique has shown tremendous growth in the recent past;
hence, its use today is commonplace in important areas of science and technology,
like precision measurements, remote sensing, and biophysics.

1.1 Background

Special emphasis has been laid on the area of refractive index sensing, which is
the critical parameter for many studies involving various types of liquids. It finds
a role in the analysis of substances like glucose, carbamide, and vitamins [1, 2].
These advantages have opened up the research and development of optical fiber
sensors as a particularly valuable tool in refractive index sensing: immunity to
electromagnetic interference, resistance to corrosion, lightweight construction, ca-
pability for remote sensing, and last but not least, flexibility [3].

A fiber optic sensor involves an instrument that ga detect and gauges many
physical, chemical, and other conditions through the optical fiber transference of
light from source to detection [4].

Optical fiber sensors promise much better corrosion and electromagnetic inter-
ference resistance compared to conventional sensors, life of over 20 years of lifetime
exceeding, and with a good signal-to-noise ratio (SNR) [5]; therefore, they have
drawn much recent interest in the field of pavement monitoring. Over the past
decade, the fiber optic sensors have been used in the monitoring, which includes
monitoring the data traffic between the structural health of pavements. Strain, tem-
perature, and pressure measurements were realized in every layer of the pavement.
This is because sensors had been embedded in the pavements. These sensors are
of great help to design, maintain roads, and manage traffic.

While the technologies used in optical fiber sensors are numerous—optical
grating, surface plasmon resonance (SPR), fiber interferometer [6], to just name
a few—each of these methods has its limitations. Traditional optical grating has no
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2 Chapter 1. Introduction

assurance on sensitivity; SPR technology is costly, while fiber interferometer sen-
sors show low sensitivity and are substantially affected by environmental issues [7].
In contrast, fiber optic interferometer sensors possess the features of cost-effective
fabrication, easy to fabricate, and high stability. In the last years, many new devel-
opments have been applied to this theory for the measurement of refractive index
with very promising results, so that today there are several studies that propose
sensors based on this theory with remarkable sensitivities [8, 9]. On the other
hand, with these traditional, highly sensitive performances, the traditional optic
interferometer sensors still pose great challenges. These traditional sensors have
lots of drawbacks and yet with such performance levels; it does prompt researchers
to work towards some sort [10, 11].

Indeed, this highly crucial diagnostic tool for all conditions related to the blad-
der is dominated by microelectromechanical systems (MEMS)-based pressure sen-
sors [3].

Among these fiber optic sensors (FOSs), especially those belonging to the tech-
nique of extrinsic Fabry-Perot interferometer (EFPI), have come up as an alterna-
tive that is both small and sensitive [8, 9]. Another good combination for the EFPI
sensors is the temperature sensor implemented using fiber Bragg gratings (FBGs),
thereby offering a two-parameter configuration of the pressure/temperature sens-
ing system with mutual compensations [12, 13].

Biosensors are viewed as a possible application in medical diagnostics. It pro-
vides applications that are label-free and in real time while detecting and measur-
ing an analyte [6]. Optical technology, famous for presenting the highest sensibility
and specificity of methods available to detect the amount of analyte with very low
background noise [14], has emerged as the preferred tool for biosensing [15].

In this context, recent developments in biomolecular affinity have further ex-
panded the spectrum of diagnostic and therapeutic utility of biosensors, partic-
ularly for monitoring disease progression citelin1997porous. Fabry-Perot fringes
have appeared in the thin film of porous silicon semiconductors in protein inter-
action analysis and have thus indicated sensitivity to molecular binding events of
proteins, oligonucleotides, and small organic molecules. Furthermore, chip-based
interferometers with a porous Si layer allow a practical approach to the separa-
tion of biomolecules according to size with compensation for changes in matrix
composition [7].

When combined with biosensing techniques, the integration of fiber optic in-
terferometers to study the interaction of proteins opens the possibility of very
promising developments. Specifically, this project outlines how to describe the de-
sign, fabrication, and calibration of a fiber optic interferometer using Fabry-Perot
structures. The research methods are related to the functionalization of surfaces;
the course work will deal with the research effects of interferometer spectra. It is
based on the next main goals: 4) attachment of the CD44 protein on the surface
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of the sensor and analysis of the interaction, and 5) processing the data obtained
using MATLAB. Moreover, the project will 6) focus on the use of packaged interfer-
ometers in a microfluidic chip and be able to offer an exhaustive study of inventive
strategies in the area of protein-interaction analysis.

1.2 Related works

1.2.1 Optical Interferometry in Biosensing

In addition, optical interferometry is a powerful technique that uses the wave na-
ture of light to register measurements of extremely high precision over different
physical quantities [17]. In this perspective, interferometry is shining as a star and
is an expectant tool in biosensing research for biological interactions, showing in-
comparable sensitivity and possibility of real-time monitoring of molecular events
[7, 16]. The use of interferometers can be seen in research on protein-protein in-
teractions, DNA hybridization, and the study of cellular processes: through them,
some breakthroughs in molecular biology and medicine have become possible.

Versatility of Biosensors: The biosensors, developed by automation as a cost-
sensitive and specific tool, are being used in diverse approaches to detect biomark-
ers in many avenues, such as in the biomedical analysis, environmental monitor-
ing, and food manufacturing industry. Being highly sensitive, these sensors find
the presence of biomarkers in body fluids with minimum invasiveness and can
be very well placed for point-of-care applications in clinics, hospitals, and home
use citelakhera2022recent. Based on the bio-receptors and the transducers, one
can classify biosensors and thus show their versatile application fields. Owing to
their simplicity, reliability, and portability, electrochemical biosensors have been
considered efficient in point-of-care diagnosis.

One article describes a fiber optic sensor for the detection of formations of blood
clots. The basis of the sensor is a Fabry-Perot interferometer with two types of tips.
Their functioning was monitored by spectrometric observation of shifts in the clot-
formation-indicating sensor spectrum, induced by changing amounts of thrombin
reagent introduced into the blood. The sensor was very sensitive to the spectrum,
with the micro-tip fiber type at about 7 nm/uL, while the SMF type was at 8.7
nm/uL, showing promise for potential fields like health, medical monitoring, and
biological sensing [18].

1.2.2 Interferometer Types and Applications

The interferometers can be of varied types, especially designed for a particular ap-
plication. Common interferometers include the likes of Michelson, Mach-Zehnder,
and Fabry-Perot [8]. Advanced Mach-Zehnder interferometers are now one of the
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highlights of biosensing, among most Mach-Zehnder interferometers, because they
suit being integrated with microfluidic systems and are able to detect very small
changes in the refractive index taking place during molecular interactions [15, 19].
These interferometers can be applied to label-free detection as well, and eliminate
the usage of fluorescent or radioactive markers that might otherwise disturb the
biological sample [1, 6].

The interferometers mentioned form a necessary part of practically any fiber-
optic photoacoustic gas sensing system. They boost sensitivity to the system
through the detection of changes in the optical path length occasioned by acoustic
waves in transit. Especially, the Fabry-Perot interferometer has a high sensitiv-
ity with a compact structure, which is quite useful for many weak acoustic signal
detections [20].

One important contribution in this field is detailed herein, whereby a carefully
designed analysis is reported of the fiber optic refractive index sensors based on
a semi-distributed interferometer. It is in this SDI that a cavity is exploited be-
tween the cleaved fiber tip and the high-scattering interface of the single-mode
fiber doped with Mg-silicate nanoparticles. The fabrication process of SDI is sim-
ple, rapid, and has a mechanism of splice-and-cleave technique, resulting in a spec-
tral fingerprint akin to an interferometer-shaped envelope. The value is as high as
787.0 dB/RIU, and its applications range from the chemical to biochemical and
biological domains of SDI. These make the SDI device attractive for in-situ refrac-
tometry and biosensing applications due to ease of fabrication and even increased
sensitivity [21].

Xie et al. [22] also reported the same fabrication of SDI sensors. The inter-
ferometric measurement sensing element is the construction of Sagnac and Mach-
Zehnder interferometers, spectrum slicer. In the present work, the light from a
broadband optical source modulated with an electro-optic modulator for radio fre-
quency modulation subsequently passes through a dispersion compensation fiber
and is recovered by a photodetector for analysis. Temperature sensing is used as
a demonstration to showcase the proposed technique’s enhanced sensitivity and
tunability in fiber optic interferometer-based sensing systems [22].

1.2.3 Functionalization in Interferometry

The most sensitive issue on biosensing in optical interferometry is functionaliza-
tion. Generally, functionalization considers the modification of the sensor surface,
which would allow the immobilization of biological molecules such as proteins,
antibodies, or DNA strands [9, 23]. This modification allows specific binding of
target molecules, a very important modification for the success of any biosens-
ing platform [14]. Researchers have employed various functionalization strategies,
including self-assembled monolayers (SAMs), biotin-avidin systems, and covalent
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immobilization , to enhance the selectivity and sensitivity of interferometric sen-
sors [10, 11].

1.2.4 Protein Interaction Analysis

Protein interaction is one important key for the understanding of how cells work.
Knowledge of interaction will help in finding possible disease mechanisms, cellu-
lar processing, and maybe drug production. CD44 is a cell surface glycoprotein
receptor [12, 13]. CD44 is a biomarker for cancer, and it has been implicated as an
adhesive molecule for cell-cell interaction of cancer cells, as well as their motility
and signaling. A biomarker is any entity that gives an indication of the biolog-
ical state regarding the subject and has an application in many medical fields.
Thus, study of CD44 interactions with other proteins can give an idea of a number
of cellular phenomena, beginning with cancer metastasis and regulation of im-
mune response. This makes optical interferometry invaluable in the addition of a
label-free, non-destructive toolkit probing these interactions in the realm of protein
interaction analysis [3].

Cancer Detection: In light of such a formidable global health challenge posed
by cancer, one of the most significant determinants for effective treatment has to
be that of early detection of premalignant or pre-metastatic tumors, allowing for
improvement in the survival rate of patients. There are a number of varied types of
cancers occurring in different parts of the body, and so the focus of the biomedical
field of study has shifted to timely, sensitive, and successful diagnosis of cancer. In
this context, the biomarkers are being identified and for continual detection; they
must improve the diagnostic results [10].

CD44 Protein as a Cancer Biomarker: The role of CD44 protein in the diag-
nosis of cancer largely lies in the fact that CD44 is a transmembrane glycoprotein
expressed mainly in embryonic stem cells, and it is overexpressed in cancer stem
cells. These CSCs play a very essential role in the development, relapsing, and
metastasis of the cancer because of their capability to self-renew and oncogenesis
[19]. In CSC, the level of CD44 is high and associated with some specific types
of tumors, e.g., stomach, breast, colon, ovary, pancreas, head, and neck area. On
the other hand, CD44 is found in biological fluids and expressed from the cell as
a secreted protein. It implied the research of levels of CD44 protein in the blood
serum in such an order to try to find a correlation with different kinds of cancer,
stages, and outcomes in patients [24]. If such a direct link could be established
between the levels of CD44 and cancer activity, metastasis, besides disease stages,
and poor survival in addition to response to treatment, it would have potential
value as a diagnostic or prognostic biomarker. For example, hypersensitive detec-
tion of biomarkers would enable the analysis of many body fluids, such as saliva,
urine, or sweat, from minimal sample volumes and thus expand the diagnostic
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capabilities of such small material volumes [19].

1.2.5 Packaged biosensors in the microfluidic device

Nevertheless, successful real-life use to the measure of their huge potential still
poses a challenge: complicated and demanding automation and advances in minia-
turization. Microchips take a key part in advances in biosensor automation and
miniaturization [25].

In fact, the integration of biosensors with microtechnology has set the ground
for point-of-care diagnostics, where wearable and miniaturized biosensors can shift
the entire paradigm of healthcare delivery by providing diagnostic services that are
fast and inexpensive. However, the major challenge that arises is the biocompatibil-
ity of this synergy and how to make a seamless integration of the biosensors with
the microfluidic elements and electronics. The system of microfluidics and optical
fiber sensors, respectively in a catheter, increases their precision and gives diagnos-
tic ability, showing new quality in diagnosing in urology with full biocompatibility
[26]. It becomes very important from this perspective that the designing and im-
plementation of various types of biosensors must be so cost-effective in terms of
production and deployment. The principal approaches to microfluidic chip fabri-
cations are Stereolithography (SLA), 3D Printed circuit board (PCB) printing, and
their substrates can be Silicon (Photopolymer resin, Polydimethylsiloxane (PDMS),
or Polymethyl Methacrylate). In reality, the microfluidic designs are laid out us-
ing a more ordinary design software, thereafter applied in the production of 3D
blueprints. The blueprints then guide a laser scribe on exactly how to go about
replicating the planned microchannel design on the surface of the printer. The
design and fabrication of channels to enable the flow of glucose solutions and
deionized water usually involve several steps. The only disadvantages linked with
this device are slowly working, low resolution, and finally, post-processing chores
have to be done [27].

In accordance with research of different groups, a point-of-care diagnostic test
for myocardial infarction could be developed using this biosensor. The biosensor is
not bound to any kind of special equipment; it is small in size, compact, portable,
and very simple to use. The authors point to the encouragement of the devel-
opment of wearable, miniaturized biosensors for point-of-care diagnostics. Most
attractive of all are microchip-based biosensors that could be produced massively
and cheaply. Real-time continual monitoring of patients might be done with nee-
dle catheter-based biosensors. Furthermore, some problems have been referred to
in the literature on microchips, such as how to protect the biosensor from the en-
vironment so that it is biocompatible and how to be able to integrate it with other
microfluidic and electronic devices [28, 29].

In another study, the false biosensor is integrated into the microfluidic chip,
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involving an optical fiber that is coated with a thin gold layer. In this regard, an-
tibodies against a specific biomarker—e.g., a protein secreted onto the surface of
cancer cells—have been prepared. The microfluidic chip was small enough to be
implanted in the patient’s body and hence can be used to monitor the tumor re-
sponse to chemotherapy in real-time. It even considers the possibility of packaging
a biosensor in a needle catheter [30].. This would make a biosensor that could be
used for collecting a section of tissue from a patient and then measure the level of
biomarkers of the tissue at the point of care.

1.2.6 Current Challenges and Limitations

Current problems and disadvantages: Having said all this, the promising poten-
tial of optical interferometry in bio-sensing and protein-protein interaction anal-
ysis, there are still quite a number of drawbacks and challenges. They include
the requirement for accuracy in calibration, functionality of sensor performance,
and effective robust data processing [24, 21]. Another related study covered fur-
ther investigation of the problem of relatively low sensitivity presented due to the
low thermo-optic coefficient and coefficient of thermal expansion of silica material,
needing further improvement [31]. The next challenge relates to how to assure
the stability and reproducibility of such a sensor, especially in harsh environments
where many external disturbances and pollution create problems for them. There
are process-related problems: the fusion splicing of different fiber types and op-
timization of parameters to the best interest of the sensor [31]. These challenges
have to be addressed, and it is only by surmounting them will the full potential in
the life science area through optical interferometry be realized.

1.2.7 Gantt Chart

Table 1.1: Gantt Chart

Tasks Aug Sept Oct Nov Dec Jan Feb Mar Apr

Literature Review ✓ ✓ ✓ ✓ ✓ ✓

Fabrication of interferometers ✓ ✓ ✓ ✓ ✓ ✓ ✓

Calibration of sensors ✓ ✓ ✓ ✓ ✓

Functionalization of sensors ✓ ✓ ✓ ✓ ✓

Printing microfluidic chip ✓ ✓ ✓

Cell measurements ✓ ✓ ✓ ✓ ✓

Writing a report ✓ ✓ ✓ ✓ ✓ ✓



Chapter 2

Methodology

2.1 Fabrication of Semi-Distributed Interferometers (SDIs)

The Semi-Distributed Interferometer (SDI) is created by establishing a space be-
tween a cut fiber tip and the reflective surface at the junction of a single-mode
fiber and a high-scattering fiber, the latter having a core infused with Mg-silicate
nanoparticles [21].

The procedure for creating SDI sensors is shown in 2.1 and involves a two-step
process referred to as "splice-and-cleave." The materials and equipments used are
depicted on 2.1(a) Initially, an enhanced backscattering fiber (EBF), acting as a re-
flector, is spliced to a standard single-mode fiber (SMF-28) using a Fujikura splicer)
(2.1(b) and 2.1(c)). Due to the presence of scattering centers, the interface between
SMF and EBF yields a minute reflectivity. To create a cavity, the EBF is manually
cleaved with a Fujikura CT-08 cleaver at a short distance (<1 mm) from the splice
section (2.1(d)), forming a tip mirror through Fresnel reflection at the EBF-outer
medium interface. The EBF’s internal reflections, induced by numerous scattering
centers, generate distributed reflections with random intensity and phase due to
defect inhomogeneity. This randomness imparts a semi-stochastic spectral finger-
print to the Fabry-Perot spectrum.

The sensing mechanism is entirely encoded in the EBF fiber, with the Fresnel
reflection at the tip-side interface providing an RI-dependent mirror and the high
Rayleigh scattering at the distal side producing the reflectivity for cavity forma-
tion. Throughout its length, the continuous set of distributed reflections creates
intermediate layers influencing the output spectra [21].

8



2.2. Calibration of SDIs in Sucrose or Ethanol Solutions 9

(a) Used materials for Fabrica-
tion SDI

(b) Splicing of SMF and EMF

(c) Successful splicing (d) Cleaving process

Figure 2.1: Fabrication stage

2.2 Calibration of SDIs in Sucrose or Ethanol Solutions

The calibration process after the fabrication of SDI is essential in order to find
out the sensor’s sensitivity. It is needed to decide if the sensor is appropriate for
the functionalization or not (as functionalization process will be useless in case if
the interferometer has bad sensitivity). The full experimental setup of calibration
stage is shown in 2.2. The fabricated SDI was measured in air, water, Phosphate
buffer saline (PBS) and different % sucrose solutions through Optical Backscatter
Reflectometer (LUNA 4600 or Micron Optics) (2.2(b)).
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(a) Immersing of SDI into sucrose
solution

(b) LUNA 4600 OBR measurements

Figure 2.2: Calibration stage

High sensitivity value (more than 75 dB/mm) to changes in refractive index
(RI), as proven by calibration testing, led to the selection of manufactured spherical
tip sensors for functionalization. To conduct calibration, the sensor was immersed
in 6 ml of a 10% sucrose solution with an initial refractive index (RI) of 1.34860.
Subsequently, 400 µl of 40% sucrose solution was incrementally added, reaching
a total of 5 concentration points. The maximum point on the scale was achieved
when the RI value reached 1.35826. A linear regression analysis was used to assess
the sensitivity.

2.3 Glutaraldehyde (GA) Functionalization of SDIs

The next step was biological and chemical process. The surface of the manufac-
tured optical fibers with spherical tips was thoroughly cleaned of organic residues
using a Piranha solution, a 4:1 mixture of sulfuric acid and hydrogen peroxide con-
ducted at room temperature (2.3). To do so, all fibers were identified and attached
to glass rods, allowing them to be immersed in a beaker containing 30 ml of the Pi-
ranha solution. Following a 15-minute exposure, the optical fibers were thoroughly
rinsed with deionized (DI) water, which was repeated several times, and then dried
with nitrogen gas. To perform silanization, the pure optical fibers were treated for
20 minutes with a 1% solution of APTMS in methanol. Following post-treatment,
the optical fibers were rinsed with methanol and heated in an oven for 1 hour at
110°C. The heat-treated optical fibers, complete with spherical tips, were incubated
for one hour in a glutaraldehyde solution, which is often used as a cross-linking
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agent for antibody attachment. The glutaraldehyde solution was used at two dif-
ferent concentrations: 25%. The glutaraldehyde content was varied to enhance
surface chemical conditions. The optical fibers were then extensively cleaned in
a phosphate-buffered saline (PBS) solution. After that, the glutaraldehyde-treated
optical fibers were incubated for 1 hour with 500 l of CD44 monoclonal antibody at
concentrations of 4 µg/ml. This incubation took place with constant agitation. Any
unreacted aldehyde groups were blocked using a 10% solution of mPEG-amine af-
ter antibody immobilization. Additional PBS washing processes were carried out
prior to and after the blocking treatments [24].

Figure 2.3: Functionalization process

.

2.4 Microfluidic Chip Development and Measurements

After research, it was found that the best transparent photopolymer resin for the
manufacture of a microfluidic device is “Anycubic High Clear Resin”, which has
a transparency of 98%. The next important feature of this resin is its protection
from yellowing, which contributes to its durability. The first important step was to
prototype the chip on the CAD software 2.4.
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Figure 2.4: The 3D model of the microfluidic device (upper plate)

.
The next step was 3D printing on “Anycubic Mono X” equipment. The neces-

sary configurations for this type of photopolymer resin were set on the 3D printer
(they can be found on the Anycubic website). The print duration was 25 minutes.
The next step was washing the parts from the extra resin and curing with UV light
for 4 minutes, in Fig. 2.5(A). To make the parts more transparent, a glossy clear
lacquer spray was used, and the results can be seen in Fig. 2.5(B) – the spray as-
sisted to make the chip highly transparent. Finally, the parts are connected by 10
bolts M3, and a layer of PDMS was applied between them to protect the lab on the
chip from water erosion.

Figure 2.5: Stages of printing a microfluidic device. A. Microchip parts are in Anycubic Wash and
Cure 2.0. B. After PDMS layering and using clear gloss lacquer spray parts are more transparent

.
Experimental setup for dynamic measurements using microfluidic device: The

main setup of the experiment is depicted on 2.6. In vitro measurement with an
SP5 interferometer with a syringe pump was carried out using air, water, PBS and
2% ethanol (the corresponding RI values for them are 1.000, 1.33276, 1.334 and
1.33505). A syringe pump was used to inject 5 ml of a 2% solution of water and
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ethanol through a tube with a diameter of 1 mm at a flow rate of 10 µl/min. A
reactor with a microfluidic chip was made with the tube used for the study in
order to fix the biosensor accordingly. A fiber-optic biosensor was inserted into the
microchip to a certain point (on 2.6(C)). The reactor volume was calculated based
on the flow rate * time spent on passing water through the chip. In total, using
Micron Optics interrogator 15 measurements were carried out for each solution
with an interval of 11 minutes for 2 hours and 47 minutes. The reactor volume is
1.67 ml.

For experiments, it was decided to use 10 µl/min flow rate (on 2.6(B)). When
feeding liquids into the laboratory-on-a-chip system using a syringe pump, it is
important to maintain an accurate flow rate, 10 µl/min, in order to reproduce
physiological conditions and obtain accurate experimental results. The human
body is a dynamic system in which different tissues and arteries carry fluids at
different speeds. Blood and other body fluids, as well as interstitial fluids, con-
stantly flow through organs and tissues. The flow rate of 10 µl/min is designed to
simulate the micro-scale flow dynamics observed in the human body. As a result,
the studies conducted in the "laboratory on a chip" system are guaranteed to be
more accurate when modeling real physiological conditions [24]. The human body
exposes its cells to a constant, regulated influx of oxygen, nutrients and signaling
molecules. A flow rate of 10 µl/min helps to create a microenvironment on the
chip that supports cell culture and other biological processes very similar to in
vivo conditions.

Figure 2.6: Experimental setup used for biomarker measurements. A. General setup showing syringe
pump and microchip. B. Image showing syringe pump parameters used for the experiment. C.
Microchip circle shows the tip of the fiber.

.
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2.5 CD44 Protein measurements and Data Analysis

Various concentrations of CD44 protein were prepared, ranging from 100 nM down
to 42.9 aM. Human serum, diluted in a 1:10 ratio in a PBS solution, was used to
prepare the proteins. The experimental setup for CD44 protein detection involved
an OBR, a SDI optical fiber biosensor, and a manually crafted vial containing the
analyte. During measurements, an optical fiber tip was immersed in a solution
containing 250 µl of CD44 protein, and the other end was connected to the in-
terrogator to capture reflected spectra. The binding event was monitored for 10
minutes with signal recording performed every minute [23].

The OBR, operating on optical frequency domain reflectometry principles, uti-
lized a polarization beam splitter to separate light into S-polarization and P-polarization
states. Changes in return loss and S/P-polarization were recorded and analyzed
based on variations in surrounding RI when an analyte bound to the biosensor.
The OBR parameters during experiments were set as follows: wavelength range of
1525–1610 nm, gain of 0 dB, integration width of 0.4 m, and spatial resolution of
0.1 m. Data was collected in 65,536 data points [23].

Spectral noise was filtered using a Chebyshev low-pass filter (Butterworth finite-
impulse response, 5th order, 0.0014 cut-off). The Limit of Detection represents the
CD44 concentration.
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Results and Discussions

3.1 Results

3.1.1 Data analysis of Calibration before Functionalization:

Table 3.1: Results for SDIs calibration before functionalization

SDI SP3 SP4 SP6
Number of valeys 29 52 37
Number of peaks 27 56 44
Fringe visibility 0.332176 0.361356 0.319690

Mean sensitivity (dB/RIU) 97.76 141.40 89.04
Mean R-squared value 0.975 0.974 0.969
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(a) Return loss of SDI-SP3 (b) Sensitivity of SDI-SP3

(c) Return loss of SDI-SP4 (d) Sensitivity of SDI-SP4

(e) Return loss of SDI-SP6 (f) Sensitivity of SDI-SP6

Figure 3.1: The data analysis of SDIs SP3, SP4 and SP6 interferometers calibration before functional-
ization.

3.1.2 Data analysis of Calibration after Functionalization:

In total, 10 fibers were fabricated with 5 different EBFs (SP2,3,4,5,6). Two of them
were functionalized and used for CD44 protein detection. Only SP3 and SP4 SDI
sensors were functionalized.
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Table 3.2: Results for SDIs calibration after functionalization

SDI sensor SP2 SP3 before SP3 after SP4 before SP4 after SP5 SP6
Number of valeys 43 29 38 52 54 88 37
Number of peaks 60 27 41 56 59 87 44
Fringe visibility 0.36 0.33 0.335 0.36 0.328 0.01 0.319

Max sensitivity (dB/RIU) 59.6 216.8 210.3 319.9 234.9 36.4 258.3

(a) Return loss of SDI-SP3 (b) Sensitivity of SDI-SP3

(c) Return loss of SDI-SP4 (d) Sensitivity of SDI-SP4

Figure 3.2: The data analysis of SDIs SP3 and SP4 interferometers calibration after functionalization.

3.1.3 Data Analysis of CD44 proteins measurements

The SDI SP3 biosensor was used to measure CD44 protein concentrations.
Concentrations: PBS, 10.93fM, 55.6fM, 0.33pM, 2 pM, 2.9pM, 77pM, 0.46nM,

2.78nM, 16.7nM, 100nM (300ul) stock.
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Figure 3.3: The Return loss of SDI-SP4 interferometer in CD44 proteins.

3.1.4 Data Analysis of packaged biosensor SDI-SP5

After fabrication of SDI-SP5 sensor, it was calibrated in air, water, PBS and ethanol
2% solution using microfluidic device with Micron Optics (see 2.6)
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Figure 3.4: The data analysis of SP5 interferometer in microchip.

3.2 Discussions

3.2.1 Calibration of SDI

The results obtained from the calibration and functionalization of Fiber Optic Inter-
ferometers SP3-AB3 and SP4-AB1 provide valuable insights into the performance
and sensitivity of these sensors in the context of protein interaction analysis.

In the calibration phase before functionalization, both interferometers exhib-
ited reasonably high R-squared values, indicating a good fit of the sensor data
to the expected model. This suggests that these interferometers were accurately
calibrated for precise measurements. Additionally, the sensitivity values, whether
in decibels per refractive index unit (dB/RIU) or nanometers per refractive index
unit (nm/RIU), reflected the sensors’ responsiveness to changes in refractive in-
dex. Higher sensitivity is desirable in biosensing applications as it allows for the
detection of subtle molecular interactions.

Across different sensors, there is notable variability in maximum sensitivity.
SDI-SP4 exhibited the highest sensitivity at 319.9 dB/RIU before functionalization,
marking it as an exceptionally effective sensor. In contrast, SDI-SP3 displayed more
stability in the number of peaks and valleys and provided sufficient sensitivity
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for the detection of CD44 proteins. However, for dynamic measurements, this
biosensor demonstrated poor performance in detecting the cancer biomarker, with
a sensitivity range only from 41.4 dB/RIU to 49 dB/RIU. The poorest performance
was observed in SDI-SP5, which also recorded a fringe visibility of zero.

However, it’s noteworthy that the polarized light measurements (S polarization
and P polarization) in SP4-AB1 showed varying levels of sensitivity and R-squared
values. This indicates the importance of considering polarization effects when
designing and calibrating interferometers.

After functionalization, the wavelength shift in both interferometers suggests
changes in the refractive index at the sensor surface due to the attachment of
biomolecules. These shifts are critical for monitoring specific protein interactions
and represent a successful modification of the sensor surface.

SP4 consistently stands out as a high-performing sensor, both before and after
functionalization. SP3 and SP6 also exhibit good performance, with slight varia-
tions observed after functionalization.

The sensors, especially SP4, appear suitable for accurate refractive index mea-
surements and potential applications like CD44 protein measurements and mi-
crofluidic chip integration.

3.2.2 CD44 proteins measurements

According to Return loss graph (3.3), it can be seen that SDI-SP4 does not depict
good results as expected. It is suggested to redo the functionalization stage again
with proper conditions.

3.2.3 Packaged interferometer

The data analysis reveals valuable insights into the sensor data (see 3.4). With 142
identified peaks, the mean sensitivity of approximately 150.6 dB/RIU for valleys
and 134.9 dB/RIU for peaks suggests a high sensitivity in detecting refractive in-
dex changes. Additionally, the consistently high mean R-squared values of 0.9996
indicate a strong correlation between the measured data and the fitted sensitiv-
ity curves. The fringe visibility (FV) of 0.013853 and the average Full Spectrum
Analysis of 0.586361 nm underscore the precision and reliability of the sensor in
capturing subtle variations.
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Conclusion

This project has successfully explored the design, fabrication, and calibration of
semi-distributed interferometers (SDIs) for refractive index sensing. Semi-Distributed
Interferometers with 5 different EBFs were designed and calibrated. SDI-SP3,
SDI-SP4, SDI-SP6 are the most effective sensors, demonstrating the potential for
high-performance in biomarker sensing. The calibration results before and after
functionalization revealed the sensors’ robust performance, with SP4 consistently
demonstrating superior sensitivity and accuracy. The functionalization process
introduced changes in the interference pattern, but the sensors maintained high
performance. It is suggested to implement proper functionalization method that
ensures better attachment of CD44 antibodies to the sensor’s tip for effective pro-
tein detection. Moving forward, the project will extend its focus to the integration
of SDIs into microfluidic chips, exploring their utility in packaged biosensors. Ad-
ditionally, the CD44 protein measurements did not show promising results, which
needs further protein analysis. Further research will emphasize improvements in
the accuracy of functionalization and refining MATLAB codes for enhanced data
analysis, solidifying the SDIs’ position as versatile and reliable optical sensors in
diverse applications.
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