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Label-free fiber-optic spherical tip
biosensor to enable picomolar-level
detection of CD44 protein

Aliya Bekmurzayeva'?3*, Zhannat Ashikbayeva>", Zhuldyz Myrkhiyeva?,
Aigerim Nugmanova?, Madina Shaimerdenova?, Takhmina Ayupova? & Daniele Tosi'2

Increased level of CD44 protein in serum is observed in several cancers and is associated with tumor
burden and metastasis. Current clinically used detection methods of this protein are time-consuming
and use labeled reagents for analysis. Therefore exploring new label-free and fast methods for its
quantification including its detection in situ is of importance. This study reports the first optical fiber
biosensor for CD44 protein detection, based on a spherical fiber optic tip device. The sensor is easily
fabricated from an inexpensive material (single-mode fiber widely used in telecommunication) in a fast
and robust manner through a CO, laser splicer. The fabricated sensor responded to refractive index
change with a sensitivity of 95.76 dB/RIU. The spherical tip was further functionalized with anti-CD44
antibodies to develop a biosensor and each step of functionalization was verified by an atomic force
microscope. The biosensor detected a target of interest with an achieved limit of detection of 17 pM
with only minor signal change to two control proteins. Most importantly, concentrations tested in
this work are very broad and are within the clinically relevant concentration range. Moreover, the
configuration of the proposed biosensor allows its potential incorporation into an in situ system for
quantitative detection of this biomarker in a clinical setting.

Biomarker detection is becoming one of the crucial clinical assessment tools in all aspects of clinical medicine,
such as disease prevention, diagnosis, and treatment'. Despite the progress in cancer therapy, tumor progression
and metastasis remain the leading causes of cancer death. Advancements made in genomics, transcriptomics,
proteomics, and metabolomics have facilitated the discovery of new biomarkers?, including those in cancer.
Mounting evidence showed that a cluster of differentiation 44 (CD44) molecule is an important tumor protein
associated with metastasis. CD44 is a family of transmembrane glycoproteins, which is encoded by the CD44 gene
on human chromosome 11. CD44 has several ligands, including fibronectin, osteopontin, chondroitin, and hya-
luronic acid (HA)®. CD44 is expressed in many types of human cells including embryonic stem cells and cancer
cells. Accumulating evidence has shown that abnormal expression of CD44 contributes to cancer progression and
metastasis, including ovarian cancer, breast cancer, lung adenocarcinoma, glioblastoma, and colorectal cancer.
It has been supported by many studies that CD44 is an important biomarker of cancer stem cells (CSC) and is
particularly important in CSC microenvironment communication. CSC plays a crucial role in cancer progres-
sion and relapse because of its ability to self-renew and differentiate into multiple types of tumor cells. Moreover,
CD44’s pivotal role in epithelial-mesenchymal transition has a significant impact on tumor progression*. Up to
the present time, different sensors and platforms were developed to detect CD44-expressing cells. This includes
quartz crystal microbalance-based sensor® and magnetic-fluorescent iron oxide-carbon hybrid nanoparticles®
and colorimetric nanobiosensor’ for the detection of CD44" breast cancer cells, functionalized interdigitated
electrodes for prostate cancer cells expressing CD44?%, functionalized stainless steel wire to capture breast CSC’
among others.

In addition to the expression of CD44 protein on the cell surface, soluble CD44 protein is also present
in serum. It was suggested that shedding rather than internalization is an important regulatory mechanism
responsible for the downregulation of this cell surface adhesion molecule'. Shedding of CD44 is mediated by
membrane-associated metalloproteases and is observed in many types of cancer'!. The soluble form of CD44
protein in serum is examined by a conventional enzyme-linked immunosorbent assay (ELISA) using antibodies
for quantitative analysis. Detecting CD44 in serum was proposed as a simple, non-invasive way to study tumor
burden and metastasis in gastric and colon cancer'?. Elevated expression of CD44 in serum has been shown
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to associate with the presence of distant metastases and tumor reoccurrence'®. Serum CD44 in patients with
advanced colon or gastric cancer showed considerably increased concentration levels when compared to healthy
people (30.8 nM and 24.4 nM respectively versus 2.7 nM). Surgical resection of the tumor in patients with gastric
or colon cancer resulted in a significant decrease of CD44 concentration in serum. Moreover, the concentration
level of soluble CD44 in patients with cirrhosis was demonstrated to be 2.2 nM!'?. Many studies reported that
colon cancer progression and metastasis are influenced by the amount of CD44 protein expression’. A study
of CD44 in breast cancer patients reported a direct correlation between serum CD44 level and breast cancer
occurrence'. Investigation of breast cancer patients with the metastatic disease showed a considerably increased
level of serum CD44. Liver and bone metastases in patients with breast cancer were associated with increased
concentration of CD44 in serum’®. Furthermore, an increased CD44 protein level in serum was observed in
patients with non-Hodgkin’s lymphoma'” and cervical cancer'®.

Tremendous work is done in the field of cancer diagnostics and treatment; however, there is an emerging
need for an accurate biomarker detection method. The development of new methods to detect cancer biomark-
ers could potentially improve cancer screening, diagnosis, and treatment'. In order to be clinically significant,
a biomarker detection tool must have high predictive accuracy and be minimally invasive and easily measur-
able. Conventional biomarker detection technology for the detection of CD44 protein levels in serum is based
on ELISA. ELISA inherits such limitations as having worse performance in terms of limit of detection (LoD),
and obtained results can be affected by non-specific interactions?, and it requires series of complex operations
and is able to measure only one analyte at a time?!, therefore developing technologies with new capabilities that
overcome ELISA will provide better opportunities to detect CD44 in serum. A biosensor can provide a real-time
monitor of a condition with an excellent capacity for detection'®. Developing biosensors for CD44 protein detec-
tion has attracted attention only in recent years. Their performance indicates that they can be a good alternative
to ELISA reaching a far lower LoD than ELISA. Zhang et al. developed an electrochemical sensor with multi-
walled carbon nanotubes assembled on the indium tin oxide (TiO,) electrode surface using HA to detect CD44
in serum, thus conjugating the carbon nanotubes with HA-CD44 ligand-protein interaction?’. Another sensor
was proposed by*® when a photoelectrochemical antifouling surface based on the HA and poly(ethylene glycol)
were immobilized on TiO, substrate. In another study, Soomro et al.** used an insitu approach to form hybrid
photoactive material for their photoelectrochemical biosensor for CD44 detection. Zhou et al.”%, on the other
hand, developed an electrochemical biosensor using immobilized aptamers for label-free detection of CD44.

Among different biosensing platforms, an optical fiber biosensor is a good alternative for an easy and cheap
diagnostic, as it does not necessitate electrical connections and is not affected by electric interference like elec-
trochemical biosensors®. The inherent advantages of optical fiber biosensors include biocompatibility, small size,
compactness, lightness, resistance to electromagnetic interference, low cost of production. Moreover, optical fiber
biosensors can detect more than one analyte at a time by building a multiplexed assay®”?%. Optical fibers allow
in situ and real-time sensing through a suitable packaging in a medical device, as shown for example by Loyez
et al*” who designed an endoscopic device embedding a fiber optic biosensor, or by Liao et al.** who designed
a subcutaneous package for a fiber optic fluorosensor through a hydrogel. In addition, optical fiber biosensors
report excellent performance rates® in terms of LoD, detection speed, and selectivity. The main optical fiber
platforms used in the biosensor applications include surface plasmon resonance (SPR), interferometers, and
different grating-based optical fiber sensors such as etched fiber Bragg gratings (FBG), tilted FBG (TFBG), long-
period grating (LPG), and plasmonic FBG*™*,

Fiber optic biosensors have been exploited as sensor platforms for a variety of applications such as sensing
glucose®*#, sucrose®®, heavy metal ions such as lead, copper, cobalt, cadmium =%, amino acids *°, cholesterol?,
triacylglycerides®, urea®, ascorbic acid®®, DNA***!, proteins including thrombin®*->, cancer biomarkers®** and
cytokeratin®”®8, antibodies*, bacterial®®-%? and mammalian cells®*¢%,

While each of the system offers its own advantages, they also have some limitations. All grating-based sensors
require inscription to produce periodic modulation of the refractive index within the core of an optical fiber using
specialized equipment® adding up to its manufacturing cost. Tilted FBG and LPG work in transmission mak-
ing it less practical in terms of serving as a sensing probe. An additional step of fabricating a broadband mirror
on the tip of the cleaved fiber is required for TFBG and LPG to work in reflection®. A precise cut of LPG after
the grating to avoid the formation of interference fringes is required before coating it with a reflecting layer®.
Tapers and SPR sensors, while being the main alternatives to grating-based sensors, are harder to manufacture,
and tapers are fragile and have a low fabrication yield®®.

In this work, we present the detection of CD44 protein using anti-CD44 antibody on a fiber optic spherical tip.
This sensor works in reflection thus allowing its use in vivo. Also, it does not necessitate the inscription of gratings
inside the fiber core as in grating-based optical fiber sensors. Most importantly, the platform is fabricated in a
fast and easy way requiring only a telecommunication-grade fiber and splicing machine. This is done by align-
ing and splicing two fibers, further heating the produced structure with the high-power laser while undergoing
breaking close to the splicing point to produce a fiber optic spherical tip. This sensor is sensitive to refractive
index (RI) change of the surrounding media making it suitable as a biosensing platform after functionalization.
An experimental setup used for biosensor development is based on the interrogation of this sensor with optical
backscatter reflectometry (OBR) for measuring signal during calibration and protein measurements. Surface
modification steps used to develop the biosensor included surface pre-treatment (silanization and gold coating),
crosslinker binding, immobilization of antibodies against CD44, and blocking. To the best of our knowledge,
this is the first study on the detection of CD44 based on an optical fiber biosensor.
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Figure 1. The geometrical profile of fiber optic spherical tip sensor (548-544 pm) used to detect CD44
protein in this work. (a,b) Two-sided profilometry of the fiber optic tips obtained from Fujikura splicer as
measured by its inner microscope; where diameter on the horizontal and vertical axes (x, y) for each position
along the fiber axis (z) is shown; (a) actual sensor (fabricated and used in experiments) and (b) actual sensor
vs. target (i.e. designed profile for the splicing fabrication). (c,d) 3D profiles extrapolated from profilometry
data by reconstructing the elliptical meshes of the tips: (c) actual sensor and (d) actual sensor vs. target;
Ellipticity548-544 pm =0.1206.

Results

Fiber-optic spherical tip design and profile. In this work, the possibility to develop an optical fiber
biosensor for the detection of CD44 protein was investigated. For this, a sphere was fabricated on the tip of
single-mode fiber (SMF) as was demonstrated in previous work * which acted as a weak interferometer. We
used this platform as a transducer element to build a biosensor. For this, we used a commercial splicing system
for fabrication and optical backscatter reflectometry for interrogation. Two-sided profilometry and 3D profiles
(extrapolated from profilometry data) of the spherical tips of the main sensor (used for CD44 protein measure-
ment) fabricated in this work are shown in Fig. 1. Figure S1 shows geometrical profiles of control sensors (used
for measurement of control proteins) which were further functionalized in a similar manner as the main sensor.

Calibration of a fiber-optic spherical tip. After silanization and gold-coating, the tip was calibrated
in different sucrose solutions having different RI values (Fig. 2a—c). With the increased RI of the solutions, the
amplitude of the signal is lowered. Control sensors were also studied and Figure S2 shows RI calibration results
for these sensors.

Surface morphology and FITC analysis. Silanization of the surface was analyzed by FITC analysis
where Piranha-treated (control surface) and APTMS-treated tips were incubated with FITC; results are shown
in Figure S3. Each functionalization step of the spherical tip was also studied by AFM and results can be seen in
Fig. 3. Silanized surface shows an increased roughness compared to fiber after Piranha treatment. After silaniza-
tion, a thin layer of gold was sputtered on the tip and surface roughness further increased with particles evenly
covering the surface with sizes ranging from 10 to 20 nm. After MUA treatment the surface becomes smoother.
After antibody immobilization, particles with a height of 4-6 nm were observed on the surface, and after block-
ing the surface becomes smoother.
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Figure 2. Performance of fiber optic spherical tip sensor in terms of RI sensitivity and CD44 protein
detection. (a-c) RI calibration of fiber optic spherical tip (548-544 pm) after gold coating in different sucrose
concentrations: 10.49% to 13.53% in 8 steps of 0.49%, corresponding to RI values of 1.34860 to 1.35329, for

a total change of 4.69 x 107> RIU in steps of 5.86 x 10~ RIU. (a) Spectra showing the change of amplitude of
the sensor in four sucrose concentrations; (b) inset showing integrated spectral response in the range where
the sensor had the highest response (between 1541 and 1541.5 nm) for sensitivity estimation; (c) amplitude
change as a function of RI change; curve processed with linear regression, R2=0.9513 with an estimated
sensitivity =95.76 dB/RIU. (d-f) CD44 protein detection by fully functionalized spherical fiber optic tip
biosensor; (d) Amplitude change occurring during measurement of different concentrations of CD44 protein
by the biosensor; (e) an inset showing integrated spectral response in the range where the sensor had the
most sensitive response (between 1537 and 1539 nm) for LoD estimation; (f) amplitude change as a function
of protein concentration; the blue line represents the fitting of the experimental data by using second-order
polynomial equation.

CD44 protein detection.

Fully functionalized optical fiber spherical tips were used for the detection of

the target molecule (CD44 protein by the main sensor) as well as two control proteins (thrombin and IL-4 by
control sensors). Spectral change occurring during measurement of different CD44 protein concentrations by
the fully functionalized sensor is shown in Fig. 2d-f. A rise in amplitude as the protein concentration increases
can be seen. Spectral response in the range where the sensor had the most sensitive response (between 1537 and
1539 nm) was integrated to determine the LoD of the sensor which was calculated to be 17 pM (Fig. 2f). At low
concentration (below 0.1 nM), the sensitivity of 1.23 dB for each 10 x increase of concentration was observed.
Results of analyzing amplitude change for the middle protein concentration (0.8 nM) as a function of time were
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studied in more detail and demonstrated a very small fluctuation of the signal (0.12 dB) for the whole time of
measurement (Figure S4). Whole spectra during different steps of fabrication were also analyzed and results are
shown in Figure S5.

Specificity studies. Spectral changes of the control sensors functionalized in the same way as the main
sensor are shown in Figure S6. In contrast to the main sensor, control sensors do not have a distinct amplitude
change associated with the increased protein concentration. Figure 4 shows a comparison of the integrated spec-
tral responses of the main sensor vs. control sensors. In contrast to the main sensor, these proteins do not induce
a significant amplitude change as can be seen from Fig. 4a. The response to these proteins is fluctuating: ranging
from negative to positive values; while the main sensor has a homogenous response where reflectivity increases
with the increased protein concentration resulting in the specificity of the biosensor to be 4.9%. All error bars in
this chart have amplitude within+0.1 dB.

Since all sensors had different sensitivities to RI (shown in Fig. 2a—c and Figure S2), the effect of sensitivities
on the resulting signal change with the increased protein concentration was studied. Figure 4b demonstrates
the response for three proteins normalized by the RI sensitivity of each sensor respectively. The results ultimately
show that the performance of the fabricated biosensor is specific towards the analyte of interest rather than
control proteins irrespective of the initial RI sensitivities of the sensors.

Discussion

The current work investigated the possibility of the optical fiber biosensor development for the detection of CD44
protein. Using a splicing machine to fabricate such sensors offers advantages over the fabrication of grating-based
optical fiber sensors because of reduced fabrication time; it is also more favorable to interferometers because of
their higher fabrication yield*. To make the tip of the fabricated sensor act as a weak interferometer and make it
sensitive to RI change, its surface was coated with a thin layer of gold. It was demonstrated that gold nanoparticles
have low adhesion to optical fibers and the use of silane-coupling agents (SCA) can be a good choice as a linker®’.
For an improved gold adhesion on the optical fiber surface, such SCA as (3-mercaptopropyl) trimethoxysilane
(MPTMS)7*-72, APTMS’*73, and 3-aminopropyltriethoxysilane (APTES)”* were used in different studies. In this
work, we used APTMS which has a hydrolysable alkoxy group at one end and an amine group at the other end
to improve gold adhesion on optical fiber. After gold-coating, sensors were calibrated in solutions with differ-
ent RI values and the integrated spectral response was used for estimation of the sensor’s sensitivity which was
calculated to be 95.76 dB/RIU (Fig. 2c). The estimated sensitivity of the main sensor is in between the sensitivity
values of the two control sensors. Together, these results suggested the applicability of these sensors for further
use as a biosensing platform once functionalized, and show a superior sensitivity figure with respect to tilted
fiber Bragg gratings®® and U-bent fiber probes”.

The next step in building a biosensor after demonstrating sensitivity to RI change was the functionalization
of optical fiber with ligand to specifically bind the analyte of interest. Several receptor immobilization methods
on fiber-optic biosensors were utilized in the past: adsorption, electrostatic self-assembly through an ionic bond,
cross-linking by multifunctional reagent, covalent attachment, and biotin-avidin linkage”®. Surface modification
of gold-coated optical fiber includes two main strategies: physical adsorption and covalent attachment. Covalent
attachment can be done in a one-step or two-step approaches. The two-step approach includes the use of an
intermediate layer, bifunctional molecules (linkers) able to react both with the gold and the bioreceptor. One
of the most common linkers is MUA which has a thiol group to attach on gold and carboxyl groups to further
bind the ligand. Carboxyl groups on MUA can further be activated by incubating the surface with EDC and NHS
before incubation with antibodies as was shown in different studies®’”78. AFM is very useful in determining
nanoscale changes on the modified surfaces®. It was used to study the change of morphology in terms of surface
roughness and height of the attached particles after each step of surface treatment and demonstrated a fully
functionalized surface (Fig. 3). Silanization of the surface was also demonstrated by FITC analysis (Figure S3).
FITC is a fluorescent dye with N =C=S functional group which reacts with amine groups (such as those present
on APTMS). Therefore, after silanization and incubation with FITC, the surface can be further visualized using a
fluorescence microscope. Similarly, FITC analysis was done after silanization using for qualitative analysis of vari-
ous surfaces including such surfaces as silicon oxide”, poly(dimethylsiloxane)®’, nanoparticles®, and titanium®2.

Numerous studies suggest an important role of CD44 protein in serum as a good biomarker of tumor burden
and metastasis®. Also, the main method of serum protein detection in many studies was ELISA using commercial
kits (from Abnova Corporation®**; Bender MedSystems®*%”) which measures standard CD44 and all its isoforms.
Quantitation of CD44 by ELISA requires sample preparation (serum dilution, incubation, washing) and takes
more than 3 h. Having both enzymes and antibodies also increases its cost and complexity. Using other analyti-
cal tools such as biosensors which offer rapid detection, portability, and an on-site test could be a good alternative
to ELISA. Existing biosensors to detect this protein include at least four biosensors based on differential pulse
voltammetry (DPV), electrochemical impedance spectroscopy (EIS), photoelectrochemical sensor (PEC); their
functionalization and performance are shown in Table 1. All existing biosensors are works done very recently.
The main strengths of these biosensors lie in their high sensitivities, being tested in such complex environments
as serum. In one of the studies, an electrochemical signal amplified with carbon nanotubes was constructed and
tested on both soluble proteins and CD44 expressing cells*>. Another biosensor combined HA with antifouling
properties of poly(ethylene glycol) to build a hybrid surface with excellent performance®.

Biosensor based on spherical fiber optic tip fabricated in this work demonstrated stable response during the
whole protein measurement with a very small fluctuation of the signal (Figure S4). Whole spectra during different
steps of fabrication (Figure S5) show that after gold sputtering (before functionalization), the spectrum in the air
is higher (1.2 dB) than that for water. This must be due to a low RI of air. After the sensor is functionalized its
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reflectivity is lowered (difference 15.7 dB) probably due to an additional layer of molecules used during func-
tionalization. LoD achieved by the functionalized spherical fiber optic tip was 17 pM. Although LoD is much
higher than that of the other CD44 biosensors, it is still enough to detect the lowest clinically relevant CD44
level in the reported studies. Earlier studies showed serum CD44 levels in normal individuals is 2.7 nM versus
24.2 nM in advanced gastric and 30.8 colon cancer'. Other studies showed the median serum protein levels in
healthy people being as high as 178 ng/ml1*, 260 ng/mL%, 275 ng/mL¥, or 437.9 ng/mL*". This discrepancy in the
results might be due to different factors including ELISA kits with different performance, choosing criteria for
normal individuals, number of chosen samples, the difference in CD44 isoforms present in serum, etc. Soluble
CD44 found in 140 breast cancer patients ranged from 220.8 ng/mL to 1216.7 ng/mL while the median serum
level was >417.4 ng/mL with different levels of the protein in different subtypes of breast cancer (406.4 ng/mL in
luminal, 506.8 ng/mL in triple-negative and 462.5 ng/mL in HER2-enriched subtype)®. In patients with B-cell
chronic lymphocytic leukemia, the median CD44 level in serum was 450 ng/mL*. The median serum level of
CD44 in non-Hodgkin lymphomas was 540 ng/mL®". The concentration range used in the current work is much
broader than the available CD44 biosensors and most importantly concentration range covers the clinically
relevant concentration of this protein. The performance figures reported in this work meet these requirements
for CD44 detection, as the sensor operates in a relatively wide operation range that encompasses the low concen-
trations; the spectrum appears to slightly saturate for concentrations higher than 50-100 nM, which might be a
common effect in some of the high-sensitivity fiber optic biosensors such as those reported by Lobry et al.***.

Although EIS, DPV, and PEC offer very high sensitivity in terms of protein detection, optical fiber sensors
seems a more advantageous platform for application in real clinical application. Electroactive neurochemicals
can be determined in vivo analysis by electrochemical sensors/biosensors (DPV, EIS) but this is mostly done in
neurological fluids/tissues?®. Due to electroactive interference problems, ascorbic acid, uric acid, and some drugs
present in the blood can cause problems to electrochemical sensors °*. Optical fiber sensors, on the other hand,
have this potential because they are electrically safe and their small size allows them to be used in vivo where
electric current is detrimental?®®. Using optical fiber as a biosensing platform also offers such advantages as
low cost, chemical and electromagnetic inertness and a variety of applicable surface modification methods, and
the potential to be used for remote sensing®*°. Moreover, optical fibers can be miniaturized and multiplexed to
detect several targets simultaneously?”*. Moreover, the sensing region of this sensor is located on the tip; and
having a sensing region of the optical fiber at one end makes it suitable for use towards in situ and in clinical
applications””. Optical fiber-based biosensors for potential in situ applications were demonstrated including
miniaturized systems for antibody measurement®® and thrombin sensing®, bronchoscope-embedded sensor?,
percutaneous glucose sensing™.

The performance of the biosensor was tested using two control proteins which are not the main targets of
the anti-CD44 antibody. Specificity studies are vital in order to validate the efficiency of the fabricated biosen-
sor to specifically bind the analyte of interest. The conducted trials allowed to conclude that the surface of the
biosensor functionalized with anti-CD44 antibody demonstrated high binding performance to its target of
interest—CD44 protein compared to the control proteins. Furthermore, the performance levels of the three
sensors were not due to the difference in the inherent sensitivities to RI (Fig. 4b) but were due to the specificity
of the ligand-analyte system.

Methods

Fabrication of fiber optic spherical tip. Fiber optic spherical tip biosensors were fabricated at the end-
point of the standard single-mode fibers (SMF-28) using a CO, laser splicer (Fujikura LZM-100). This was
done by aligning two fibers, splicing, and then subjecting the produced structure to high laser power to form a
spherical tip at the end of the single-mode fiber when it underwent breaking close to the splicing point. High
laser power is specific to the fabrication equipment. The chosen parameters are shown in Table S1, present-
ing the values of absolute and relative powers, speed of rotation, and feeding speed to obtain the spherical tip
sensors of diameters 548-544 um, 490-484 um, and 525-520 pm. Absolute power was determined by power
calibration before the fabrication procedure that was 342 bit for all the fibers. The optical fiber with the diameter
544-548 um was employed further for the CD44 protein detection, while fibers with the diameters 490-484 um
and 525-520 um were utilized for the control measurements of interleukin-4 (IL-4) protein and thrombin pro-
tein measurements respectively. The fabrication process of spherical tip sensors has a short duration (~ 60 s), as
it is derived from well-known routines for ball lens fabrications adapted for smaller single-mode fibers.

Interrogation using optical backscattering reflectometer and data analysis.  Optical backscatter
reflectometer (OBR) (LUNA OBR 4600) was used for interrogation of the system during RI calibration and pro-
tein measurements (Fig. 5). The following OBR parameters were used: scan range 1525-1610 nm, 0 dB gain, and
resolution bandwidth 0.258 GHz; in total 65,536 data points were collected. Polarization P (parallel, with respect
to the Luna laser) spectra were chosen for analysis. Data have been processed with a low-pass filter (Chebyshev
type 1, 7th order, with 0.0084 digital frequency cut-off. Spectral features have been identified using a feature
tracking method that highlights the most significant spectral feature.

Pre-treatment and gold deposition. Optical fibers with the fabricated spherical tip at the end under-
went surface cleaning using freshly prepared Piranha solution (must be handled with extreme caution) to
remove the organic residuals and increase surface hydroxyl groups. Optical fibers attached to the glass rods were
placed into the beaker for 15 min containing 30 ml of Piranha solution (H,SO,:H,0,=4:1) and followed by a
thorough cleaning with deionized (DI) water. The cleaned and dried with nitrogen gas optical fiber spherical tips
were treated with (3-aminopropyl)trimethoxysilane (APTMS) (1% in methanol) for 20 min aimed to introduce
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Figure 4. Studying specificity of functionalized fiber optic tip biosensor for CD44 protein detection by
measuring control proteins (IL-4 and thrombin). The reference protein concentration used was 6 pM. (a)
Amplitude change of the sensors when measuring target protein vs. control proteins in different concentrations;
(b) Response of the sensors normalized to their respective RI sensitivities.

Functionalization used (ligand
Method/sensor type Sensor surface | Sensor size in bold) LoD Concentration range References
DPV & EIS ITO 7.5 mmx 25 mm MWCNT-PDDA-HA-BSA 5.94 pg/mL 0.01-100 ng/mL 2
PEC & EIS ITO 25cmx0.8cm TiO, NP-PDA-HA-PEG 0.44 pg/mL 0.005-500 ng/mL 2
EIS Gold Diameter: 3 mm Aptamers (thiolated) 87 pg/mL 0.1-1000 ng mL =
0.5cmx0.5cm . . - 4 2
PEC ITO Thickness: 1.5 mm TiO,/MX-BiVO,-HA 1.4x107% pg/mL 2.2x10™to 3.2 ng/mL
. . I Fiber 125 um APTMS-gold-MUA-AbCD44- 0.006-100 nM (138 pg/mL to
Fiber-optic spherical tip OF Tip diameter: ~550 um | BSA 17 pM (390 pg/mL) 2300 ng/mL) Current work

Table 1. Currently available biosensors developed for detection of CD44 protein. Listed by the date of
publication (from older to more recent). AbCD44 antibodies against CD44 protein, APTMS (3-aminopropyl)
triethoxysilane, DPV differential pulse voltammetry, EIS electrochemical impedance spectroscopy, HA
hyaluronic acid, ITO indium tin oxide, MUA mercaptoundecanoic acid, MWCNT multiwalled carbon
nanotubes, NP nanoparticles, OF optical fiber, PDA polydopamine, PDDA poly(diallyldimethylammonium
chloride, PEC photoelectrochemical.

an amine group on the surface of the tip before gold deposition. Afterward, the optical fibers were cleaned with
methanol, and heat-treated for 40 min at 110 °C, followed by the DI water rinsing. Finally, the fiber optic spheri-
cal tips were coated with gold at 30 nm thickness using the sputtering machine (Q150T Plus, Quorum Tech-
nologies Ltd). The gold-coated optical fibers were further annealed at 200 °C for 2 h in the oven to uniformly
distribute the gold layer. The surface pre-treatment of fiber optical spherical tip is presented in Fig. 5.

Sensor calibration. After gold coating, the sensors were calibrated by measuring the change of spectra
to refractive index change (RI) using 6.1 ml of 10.49% sucrose solution followed by the stepwise addition of
100 pl of 40% sucrose solution in the manually fabricated vial. Overall, sucrose solutions starting from 10.49%
to 13.53% in 8 increments of 0.49% were tested that corresponded to RI values of 1.34860 to 1.35329, for a total
change 0f 4.69 x 107> RIU in steps of 5.86 x 10~. For control sensors, calibration was done for 5 RI values (1.34860
to 1.35140 in 5 data points). Integrated spectral responses in the range where sensors had the highest responses
(between 1541 and 1541.5 nm for the main sensor; 1560-1652 nm for thrombin sensor and 1549-1550 nm for
IL-4 sensor) were used for sensitivity estimation. In addition, the measurement of RI change using fiber optic
spherical tip was performed in DI water and PBS solution.
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Figure 5. The experimental setup used for the CD44 protein measurements using a fiber optic spherical
tip-based biosensor. Surface functionalization steps are shown in the zoomed area. APTMS 3-(aminopropyl)
trimethoxysilane, MUA 11-mercaptoundecanoic acid, EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride, NHS N-hydroxysuccinimide, OBR optical backscatter reflectometry.

Surface functionalization of the fiber optic spherical tip with CD44 antibodies. Before the anti-
body immobilization onto the surface of the fiber optic sensing tip, the pre-treated optical fibers were placed
into 11-mercaptoundecanoic acid (MUA) solution (9.2 mM in ethanol) for 16 h at 2-4 °C to achieve effective
covalent binding followed by the activation with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC) (250 mM) and N-hydroxysuccinimide (NHS) (100 mM) for 15 min. Finally, the fiber optic spheri-
cal sensing tip was incubated on a shaker with 8 mg/ml anti-CD44 antibody for 30 min, unreacted sites were
blocked with 1% bovine serum albumin (BSA), washed, and stored in phosphate buffer saline (PBS) at 2-4 °C.
All fibers were functionalized in the same way before different protein measurements.

Studying surface morphology. Surface morphology change of the fiber-optic spherical tip after each
step of surface functionalization was observed using SmartSPM 1000 (AIST-NT Inc., Novato, CA, USA) scan-
ning probe microscope. Super sharp high-resolution cantilever “NSG30_SS” (TipsNano company) was used as a
probe in alternating current mode. The scanning parameters used were as follows: scanning rate 1 Hz, scan area
1 pm x 1 um in the X-Y plane.

Fluorescein-5-isothiocyanate (FITC) analysis after silanization. Optical fiber after silanization
with APTMS was incubated with FITC (125 pug/mL; Sigma Aldrich, Steinheim, Germany) in sodium carbonate/
bicarbonate buffer (pH 9.2) for 2 h in the dark and washed with ethanol for 5 min according to®. Piranha-treated
fiber (no silanization) served as a control sample. Samples were visualized using a fluorescence microscope
(Leica DM4000 B Digital Microscope).

CD44 detection using functionalized fiber optic spherical tip.  Functionalized fiber optic spherical
tips were used to measure target protein (544-548 wm sensor) or two control proteins (thrombin by 525-520 pm
and IL-4 by 490-484 pm sensors) respectively. The spectral processing was conducted in the 1537-1539 nm
range. The CD44 protein at concentrations from 0.006 nM to 100 nM in PBS in 4-times (4x) dilution was
placed into a manually fabricated 200 pl vial to perform the measurements. The measurements were taken
after 10 min for each concentration in triplicates. The 2nd order polynomial fit was done using an equation:
y=1f(x) =ax?+bx +c, where x is the log10 of CD44 concentration in nM, from 6 pM to 100 nM over 4 orders
of magnitudes, and y is the spectral response of the sensor in dB units. The fitted values of the parameters is:
a=-0.1786,b=0.7118, c=-65.927 (R*=0.9604).

LoD was estimated using a method proposed by Chiavaioli et al.>! that was applied to the fit:
LoD = {1 (Vy1ank + 30may); Where Vi is the response at the lowest CD44 concentration (6 pM used as a refer-
ence) where the sensor is almost unresponsive and o,,,, is the maximum of the standard deviation recorded in
the experiments=0.538 dB.

Specificity studies using control proteins. IL-4 and thrombin were used as control proteins to validate
the specificity of the fiber optical spherical tip biosensor. For this, two control sensors underwent the same func-
tionalization treatment as the main sensor, and amplitude changes occurring when measuring three proteins
(0.39; 1.56; 25 and 100 nM) by the three sensors were compared. Spectral responses in the range between 1558

Scientific Reports |

(2021) 11:19583 | https://doi.org/10.1038/s41598-021-99099-x nature portfolio



www.nature.com/scientificreports/

and 1573 nm and 1560-1575 nm (for IL-4 and thrombin respectively) were integrated to compare the amplitude
change between three sensors. The amplitude change was measured from the reference value, which was taken
as 6 pm for all sensors. During the study, the response to each concentration for IL-4 and thrombin proteins was
reported comparing with the CD44 protein concentrations.

Response of the sensors was normalized to their respective RI sensitivities to compare biosensors’ perfor-
mance irrespective of their inherited sensitivities. Both the bare response (in dB units), and the normalized
response were reported where each sensor response is divided by its sensitivity, to assess comparatively the
response to controls against the response to CD44 protein.

The specificity was estimated by comparing the normalized response of the sensor at 25 nM (where all sensors
record a positive intensity change) of the highest control (0.00163 a.u.) to the normalized response of the CD44
protein at the same concentration (0.03301 a.u.).

Conclusion

The current study, to the best of our knowledge, is the first biosensor based on an optical fiber sensor for the
detection of CD44 protein. The fiber-optic spherical tip is used as a sensing platform in this work. Its fabrication
can be done in a fast and robust way and requires only a CO, laser splicing machine and telecommunication-
grade fibers. After showing its sensitivity to RI change, the sensor was functionalized with specific antibodies.
Application of optical fiber sensing tip for the detection of CD44 in different concentrations showed an increase
in spectral amplitude with increasing concentrations of the analyte. Furthermore, the concentrations of two
control proteins were measured with the optical fiber biosensor, resulting in no substantial change in the obtained
signal. The proposed convenient and cost-effective optical fiber biosensor offers a novel promising way in the
detection of an important biomarker. The developed CD44 biosensor was able to detect a clinically relevant
range of the protein. With further optimization of the performance, a fiber-optic spherical tip biosensor could
be used for monitoring the levels of biomarkers in situ, and in real-time by implementing the spectral tracking
on board of the OBR instrument.
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