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Abstract

In this paper, we present the design and the principle of operation of the SARS-CoV-2 specific
IgG biophotonic sensor, which is based on the single-mode telecommunication fiber. We
fabricated the sensor head at the face of the SMF 28 fiber. Due to the process of bio-
functionalization, our sensor has the ability to selectively detect the SARS-CoV-2 specific IgG
antibodies. The results of preliminary tests allowed us to correctly determine the presence of
antibodies in less than 1 minute in 5 pL in a volume sample of concentration of 10 pg/mL,
which according to studies, corresponds to the concentration of IgG antibodies in human serum.

Additionally, the tested sample can be smaller than 5 pL in volume.
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Abbreviations: (IgG, Immunoglobulin G, IgM, Immunoglobulin M, ELISA, enzyme-linked
immunosorbent assay, ImCH, immunochromatographic, PAGE, polyacrylamide gel
electrophoresis, WGM, Whispering Gallery Mode, APTES, (3-Aminopropyl)triethoxysilane,
OSA, optical spectrum analyzer, DMSQO, Dimetyloformamid, PBS, Phosphate buffered saline,
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2, FWHM, Full Width at Half

Maximum)

1 INTRODUCTION
Until now the SARS-CoV-2 antibodies (IgG/IgM) detection has been made by laboratory

diagnostic methods [1]. Using these measurement methods is costly — sometimes requires the
use of expensive and specialist measurement equipment and also additional elements necessary
to take the analysis (e.g., reagents, dedicated trays, method of preparing samples of biological
materials), moreover, their proper use is possible only with the qualified personnel [2—-5]. The
method also takes a lot of time, which influences the preselection process.

Currently, the immunochromatographic (ImCH) test or ELISA test are being used for screening
against IgG or IgM antibodies. Those two methods usually require specially modified antigens
with gold nanoparticles (immunochromatography) or antibodies labelled by fluorochrome or
other molecules (ELISA) [6] allowing for fM concentration detection. The average time of
performing the tests in case of ELISA is at least 1 hour, and 20 minutes for
immunochromatography. Those timings strictly depend upon sample preparation or IgG/IgM
migrating ability on cellulose sheet, which does not allow for shorter times of detection of
antibodies from blood [7]. Of course, there are plenty of different methods which allow for IgG
detection like PAGE, mass spectrometry. Nowadays, the mass spectrometry techniques are
allowing for detection of fM or aM concentration of lower molecular mass compounds (up to
5 kDa), unfortunately, the I[gG molecules are one of the biggest molecules in biology (150 kD),
thus the most sensitive techniques like mass spectrometry have the limit of detection around
0.01 mg/mL [8]. To overcome this obstacle in mass spectrometry, specific kits for the
purification and concentration of antibodies from whole blood are being used [9]. Nevertheless,
even this approach is not sufficient for specific SARS-CoV-2 antibody detection [§].
Additionally, the developed methods that are widely used for antibody detection are not
sufficient to predict the exact concentration of SARS-CoV-2 antibody in the sample — the
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techniques like ELISA or ImCH can give only qualitative information [6]. In whole blood, the
average concentration of total IgG is at 10-100 mg/mL level (~ 1nM concentration), thus to
detect the anti-SARS-CoV-2 antibodies or other we need the method which will allow for at
least fM/aM (~1fg/mL) concentration of antibody detection [10,11].

Although the gold standard for the SARS-CoV-2 antibodies (IgG/IgM) detection has been made
by laboratory diagnostic methods [12,13] or electrochemical biosensors [14,15], many research
groups work on specific fiber optic sensors [16].

Optic methods are reported as methods used for virus detection: e.g. colorimetry [17],
fluorescence [ 18], Raman scattering [19], chemiluminescence [20,21], plasmon resonance [22],
dynamic light scattering [23], plasmonic [24] built with the use of complicated fiber optic
structure, there is still a need for fiber optic sensors in that area, especially sensors which use
commonly use fiber optic materials and devices.

Fiber optic biosensors can be based on glass [25] or polymer [26] fibers. They can use many
measurement mechanisms, which are used to modulate the intensity, phase or spectra of the
optical signal. In a sensor, which uses the intensity of the optical signal, the disruption of the
correct propagation of light in the fiber can be done like: un-cladding a region of the fiber and
coat it with the biolayer sensitive to the virus [27] or antibodies [28]. That configuration can be
produced in both kinds of fibres either glass (even single mode fiber) or polymer.

Another example of the disruption of the correct propagation of light in the fiber is by tapering
a region of a fiber [29] or by intruding the hole into the structure of fiber [30]. Intensity
modulation sensor can be built in the reflection mode and combined with microfluidic system
[31]. In the phase modulation sensors, the interferometry is applied. Bian et al. [25] presented
fiber optic biointerferometry sensor built from the dedicated fiber optic structure and biolayer
which is designed in such a way that specific antibodies attached to the layer. This changes the
thickness of the layer what can be detected after 7.5 min of measurement. The sensor uses a
fiber optic structure with diameter of 0.68, with no coating around. There are no details about
the wavelength of the source which was used. Another example of interferometric antibodies
detection sensor is Mach-Zehnder interferometer built from photonic crystal fiber between two
single-mode fiber [32] or as a fiber optic multicavity Fabry-Perot interferometer [33].

The example of the spectra modulated sensor are sensors based on fiber optic gratings. Such
sensors have been produced as an antibodies detector in both polymer and glass fiber optic

configurations [34-36].
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In this study, we present a biophotonic sensor with a fiber-optic biofunctionalized measurement

head, dedicated to SARS-CoV-2 antibodies detection. The innovation of the presented sensing

method mainly lies in:

Design of a bioactive layer that selectively allows only specific SARS-CoV-2 antibody
proteins to be attached in low concentrations [37,38].

In contrary to many other solutions which used plastic fiber optic [39], our sensor is
made of the standard telecommunication optical fiber with a dedicated bioactive layer.
This gives us the possibility to elaborate the sensor head of very small dimensions
compared to that made by the plastic fiber optic.

That small sensor head enables to measure of the antibodies’ concertation in a drop of
the investigated sample [40,41].

Elaborating the fiber optic biosensors which properly work with the telecommunication
wavelength (1550 nm). This is an unusual wavelength for a biophotonic sensor because
fiber optic biosensors are dedicated to working in lower wavelengths [23,42,43]
Elaboration of the effective method of antibodies proteins detection based on the signal
transmitted back by standard telecommunication single-mode fiber [44,45].

Fast detection of the protein of SARS-CoV-2 by the use of the optical method in a drop
of sample — with our sensor the detection in 5 pLL sample is possible within <I min 1
[43,46].

The novelty of the study is the method of optical fiber head preparation for antigen
immobilization which does not require the extensive heating of the optical fiber head
(we are using dehydrated solvents when chemically modifying the surface) [47,48].
This sensor can be easily connected to the existing fiber optic telecommunication

network due to the use of standard telecommunication elements.

Despite many presented methods of SARS-CoV-2 antibody detection, there is still a demand

for the fabrication of sensor, which may demonstrate inferior measurement parameters,

compared to laboratory equipment, but which will demonstrate availability for proper

measurement, fast response time and low volume of investigated sample. What will make them

popular instruments for wide use.

To date, none of the solutions [15] presented in the scientific literature, including

electrochemical [49], optical [50], microstructures utilizing Whispering Gallery Mode (WGM)

[51], surpass the sensors described in this paper, in terms of fast response time.
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2 EXPERIMENTAL SECTION

2.1 Probe immobilization on the surface of the fiber-optic sensor
In this subsection, the process of the immobilization of the surface of the fiber-optic sensor is
described. Functionalization of the sensor probe allows it to selectively detect the SARS-CoV-

2 specific IgG antibodies specific, the diagram of the process is presented in Figure 1.

Mechanical Chemical Covering the
preparation of 8 cleaning of the 2 fiber end with
the fiber end fiber end amino groups

Coating the
probe with
biotin

Immobilize
probe with S1-
avidin

Figure 1. The diagram of the probe preparation.

The molecular sieves (3 A, Pol-Aura, Poland) were activated in an oven (10h, 350°C) and
cooled, then transferred to the 250 mL glass bottle with tight sealing and filled with dimethyl
sulfoxide (molecular biology grade, Merck, Germany) or acetone (molecular biology grade,
Merck, Germany) (1:1 (v/v)). Finally, it was left for 72 hrs to dehydrate the solvents. The sensor
was cleaned extensively by immersing it in H202/H2S04 (WarChem, Poland; ACS reagent,
Merck, Germany, respectively) water solution (10%, 50 mM respectively at 60°C) for 30 min.
After the cleaning procedure, the optical fiber was immersed in ultrapure water and later in
anhydrous acetone solution to remove excess moisture (3 times in different solutions, each
incubation lasted 10 min in an anhydrous environment). Cleaned optical fiber was immersed in
a freshly prepared 2% 3-Aminopropyltriethoxysilane (99% purity, Merck, Germany) solution
in anhydrous acetone for 24 hrs in an anhydrous environment - to cover the optical fiber in
amino groups. After 24 hrs the optical fiber was immersed in anhydrous DMSO (3 times, 10
min of incubation) to remove excess APTES solution. Cleaned optical fiber with amino groups
on the surface was then immersed in a freshly prepared 10 mM stock solution of NHS-LC-

Biotin (95% purity, Merck, Germany) in anhydrous DMSO and left for 24 hrs in an anhydrous
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environment. After incubation, the sensor was immersed in the 1xPBS (Phosphate buffered
saline tablets; Merck, Germany) solution and rinsed several times to remove unbond biotin and
DMSO. To immobilize the probe (S1-avidin), the stock solution (10 mM) of S1 domain of spike
protein conjugated with avidin was prepared in 1xPBS and the optical fiber was immersed in
the solution for 1 hr, then rinsed with 1xPBS.

The described bio-active layer was fabricated on the flat end-face of the fiber.

2.2 Measurement methods

The measurements were taken in the measurement setup shown in Figure 2. Prepared samples
were measured in the interferometric setup, consisting of a low-coherent broadband light source
— superluminescent diode (SLD-1550-13-W, FiberLabs Inc., Fujimino, Japan) with parameters
as follows: central wavelength 1550 nm +/- 20nm; output power > 13 mW,; spectral
bandwidthpwam > 30 nm [52]), 2:1 50/50% optical coupler (G657A, CELLCO, Kobylanka,
Poland) and Optical Spectrum Analyzer (OSA, Ando AQ6319, Yokohama, Japan) and sensor,
which is made from single mode fiber (SMF-28, Thorlabs Inc., Newton, NJ, USA) with
parameters: a refractive index of core 1.4679 (for 1550 nm) and 0.36% refractive index
difference between core and cladding [52]. The end face of the fiber has been coated with the
bioactive film which was designed in such a way that only selective protein of SARS-CoV-2
specific IgG antibodies are attached to this layer.” (Figure 3).

There were two reasons for using such a 1550 nm wavelength as a light source for the
experiment. The most important is that the maximum antibody protein absorption occurs at that
wavelength. These phenomena we use to increase the sensitivity of the sensor. The second
reason lies in the technical approach because the use of this wavelength gives the possibility to
apply commonly used fiber optic elements in the construction of the sensors. Furthermore, these
sensors work on the telecommunication wavelength which gives us the possibility to combine

the readout with the telecommunication network.
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Figure 2. The experimental system, where: 1- light source, 2 — Optical Spectrum Analyzer, 3
— optical coupler, 4 — sensor immersed in the solution. a) schematic of the setup, b) photo of the

real-life setup.
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In the first series of measurements, the sensor was validated using a measurement setup shown
above. The signal generated from the light source with a central wavelength of 1550 nm had
been transmitted through an optical coupler to the sensor.

During the measurements, the sensor was immersed in the investigated solution with IgG
antibodies. In each setup, the head of the optical sensor was immersed in IgG (10 pg/mL)
solution.

The temporal stability of the sensors has been investigated and as a result, the temperature of
25 °C of the sample has been chosen for measurement. The constant temperature of the samples
gave the stable measurement condition and limited the impact of temperature changes on the
measured signal.

The basis of the measurement method lies in the measurement of intensity changes in the
reflected signal from the end face of the fiber which is coated with a dedicated bioactive layer.
This layer has been designed in such a way that only the proteins of SARS-CoV-2 specific IgG
antibodies can attach to this layer. As the antibodies are attached to the end of the sensor, they
absorb in a very effective way the light which is transmitted from the light source to the sensor’s
head. This affects the intensity changes of the reflected signal measured by the optical spectrum
analyzer.

As the antibodies attached to the bioactive layer of the sensor, we were able to observe the
changes in optical power during the attachment of the antigen to the surface of the sensor.
Similarly, the results during the rinsing of the sensor were recorded. It was possible because we
fabricated the fiber optic interferometer (Figure 3), in which mirrors were created by boundaries
fiber-optic/bioactive layer and bioactive layer/surrounding medium. Having attached
antibodies, we obtained multilayer interferometer, which mirrors consists of fiber-
optic/bioactive layer, bioactive layer/antibodies, antibodies/surrounding medium.

Interference originated by the superposition of the reflected waves (Fig. 3). The optical power
of a signal reflected on both interfaces as well as its spectrum was observed and recorded using

OSA. The operation principle of the sensor is presented in Figure. 3.
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Figure 3. The principle of operation of the sensor for detection of the anti-SARS-CoV-2 IgG.

fiber core

The measurements were performed with a probe as a reference. Next, the probe was immersed
in the pure 1xPBS solution and then transferred to the dilution of anti-S antibody at 10°® g/mL
(serial dilutions). The sensor was submerged in the anti-S antibody solution for 5 minutes. At

each stage, the optical power of the reflected signal was measured.

3 RESULTS AND DISCUSSION

This section presents the results (time dependence of the optical power at a given concentration
of antibody) obtained from the measurements of the time stability. In order to verify the
performance of the newly developed sensor, we have investigated the changes in optical power
at a wavelength of 1550 nm. This approach allowed us to easily compare our methodology of
immobilization of antigen on the surface of the optical fiber with literature data. The signal
optical power decreases with increasing antibody concentration. This phenomenon is connected
with the ability of protein (antibody, antigen) to absorb the 1550 nm wavelength. The proteins
e.g., antibodies and antigens consist of approximately 500 to 1500 amino acids, surrounded by
ions of Na+, K+, etc. which have a huge impact on the hydrogen bonding pattern (solvation
shells) of water molecules. Thus, when an antibody is attached to the surface of the sensor, the
optical power of the signal recorded is lower in comparison to the system without antibodies in
solution, which can be observed in Figure 4. The signal response changes of the sensor upon

immersion of the optical head in antibody PBS solution or human serum spiked with S1
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antibody. The antibody/antigen interaction is known in the literature and immobilization of
antigens onto the surface of glass or 96-well ABS plate is regularly being done in laboratories

[53]
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Figure 4. The measured response of the sensor in with bioactive layer and after the

immersion in the IgG solution.

The first of the measurements was performed over the period of 5 minutes during the attachment
of the IgG (10 ng/mL) to the flat-ended sensor and then during the rising over another 5 minutes.
As previously mentioned, the optical power should decrease when the antibodies are being
attached to the optical head, due to the interaction with antigen immobilized on the silica
surface. As shown in Fig. 5(a), the optical power is decreasing with time suggesting that the
antibodies are interacting with immobilized antigens (S1 protein). The characteristic of the plot
of binding and unbinding of IgG is like the sigmoidal characteristic. Please note that the time
necessary for the equilibration is less than 5 min (faster than the commercially available
immunoassays), thus allowing for fast detection of IgG from blood in extremely low
concentrations. The graphs of the peak optical power throughout the entire series, presented in

Figure 5, were averaged to highlight changes in the reflected signal over time.
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Figure 5. Averaged signal response of the flat-ended sensor over 5 minutes during
measurements of the: a) attachment of the antigen to the measuring head causes the decrease of

the optical power, b) rinsing of the sensor causes the increase of the optical power.

As can be seen, in Figure 5(a), the peak optical power of the reflected signal decreases, when
the antibody is attached to the measuring head of the flat-ended signal. During the attachment
process, the layer on the surface of the sensor thickens, therefore causing the change in the
optical path difference. The signal decreases until the fully inversed the bioactive layer by
antibodies over the sensor surface. Analogically, during rinsing of the sensor, the peak optical
power of the reflected signal increases over time until the antibody is no longer attached to the

sensor (the concentration decreases).
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4 CONCLUSION
In this work, we have presented the results of optical measurements using our newly developed
sensor that detects IgG antibodies specific to the SARS-CoV-2 S1 protein. The method of
operation of the sensor is based on the measurement of radiation absorption in the range of ~
1550 nm by the adhering IgG monolayer present in the solution. In order to assure that the
sensor selectively detects SASR-CoV-2 specific antibodies, the S1 domain of the SARS-CoV-
2 Spike protein was immobilized on the sensor head. This bioactive layer of the fiber-optic
sensor head allows an interaction to be established between the antibody and the S1 domain.
That kind of interaction and immobilization allows then washing away the interfering
background of e.g., serum, blood, or other biological matrices, due to strong interaction of
antibody/antigen. Thanks to this methodology, the sensor is able to operate with high sensitivity
(1 ug/mL) and in a very short time (< 5 min) to the antibodies specific to the S1 domain
appearing in the environment. It is also worth noting that our preliminary studies allowed us to
observe concentrations of IgG antibodies as low as it is observed in the serum of people infected
with SARS-CoV-2 [50]. As a result, the sensor is very cheap to use and extremely easy to
manufacture, including the use of generally available components used in optoelectronics. The
volume of the tested sample was smaller than 5 pL in volume. The developed SARS-COV-2
IgG/IgM specific antibodies fiber-optic sensors have significant advantages, as compared to the
currently used method:
e very short measurement time (for a single measurement less than 5 minutes),
e Jower required amount of the test substance (e.g., blood at the level of fractions less than
1 ub),
e the lack of need for additional preparation of biological samples prior to the
measurement,
e immunity to external interferences (electromagnetic, mechanical stress, etc.),
e the possibility of applying for the continuous, real-time inspection,
e potentially, low-cost mass production, due to utilization of standard fiber-optic
communication elements.
The elaborated sensors give the possibility to be successfully connected to the
telecommunication network, which gives a lot of new possibilities. It can be used in remote
places with a lack of a health care system. The screen monitoring of the citizens, done by the
design senor, can give the authorities the basic knowledge about the necessity of healthcare in
such places in case of the person with increasing levels of the antibody of viral illness. Taking

into consideration the latest information about detecting antibodies of SARS-CoV-2 in urine
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[54], using such a sensor can be non-invasive and examination easier to perform even in the
case of small children and people with disorders
Furthermore, it can be used as a tool for real-time on demand sensor of the patient vaccination

response or for the investigation of the organism response during infection.

To summarize, the sensors metrological parameters are presented in Table.1.

Table 1. Parameters of the sensor

The central | The diameter of | The measurement The sample The preparation The limit of
wavelength sensor head time volume of samples detection
1550 nm 250 um Less than 5 min Less than 1ulL No 1 pg/mL
AUTHOR CONTRIBUTIONS

Conceptualization M.S, P.W, P.L; Data curation P.L; Formal Analysis M.S, P.W, P.L; Funding
acquisition M.S; Investigation M.S, P.W, P.L; Methodology M.S, P.W; Project administration
M.S; Resources M.S, P.W, P.L; Supervision M.S; Validation M.S; Visualization P.L; Writing
— original draft M.S, P.W, P.L; Writing — review & editing M.S.

FINANCIAL DISCLOSURE

Financial support for these studies from Gdansk University of Technology by the
1/2021/IDUB/IL.2/Np grant under the Neptunium Enhancing Baltic Region Research
Cooperation is gratefully acknowledged. This research was funded in part by Ministry of
Education and Science [NdS/551425/2022/2022]. The authors acknowledge the financial
support of the DS Programs of the Faculty of Electronics, Telecommunications and Informatics

of the Gdansk University of Technology.

CONFLICT OF INTEREST

The authors declare no financial or commercial conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are published in open repository of Gdansk
University of Technology: DOI 10.34808/nr3s-nc60.


http://mostwiedzy.pl

A\ MOST

REFERENCES

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

R.R. de Assis, A. Jain, R. Nakajima, A. Jasinskas, J. Felgner, J.M. Obiero, P.J. Norris,
M. Stone, G. Simmons, A. Bagri, J. Irsch, M. Schreiber, A. Buser, A. Holbro, M.
Battegay, P. Hosimer, C. Noesen, O. Adenaiye, S. Tai, F. Hong, D.K. Milton, D.H.
Davies, P. Contestable, L.M. Corash, M.P. Busch, P.L. Felgner, S. Khan, Analysis of
SARS-CoV-2 antibodies in COVID-19 convalescent blood using a coronavirus antigen
microarray, Nat Commun. 12 (2021) 6. https://doi.org/10.1038/s41467-020-20095-2.

C. Klumpp-Thomas, H. Kalish, M. Drew, S. Hunsberger, K. Snead, M.P. Fay, J.
Mehalko, A. Shunmugavel, V. Wall, P. Frank, J.-P. Denson, M. Hong, G. Gulten, S.
Messing, J. Hicks, S. Michael, W. Gillette, M.D. Hall, M.J. Memoli, D. Esposito, K.
Sadtler, Standardization of ELISA protocols for serosurveys of the SARS-CoV-2
pandemic using clinical and at-home blood sampling, Nature Communications. 12
(2021) 113. https://doi.org/10.1038/s41467-020-20383-x.

J. Nie, Q. Li, J. Wu, C. Zhao, H. Hao, H. Liu, L. Zhang, L. Nie, H. Qin, M. Wang, Q.
Lu, X. Li, Q. Sun, J. Liu, C. Fan, W. Huang, M. Xu, Y. Wang, Quantification of SARS-
CoV-2 neutralizing antibody by a pseudotyped virus-based assay, Nature Protocols. 15
(2020) 3699-3715. https://doi.org/10.1038/s41596-020-0394-5.

J. Watson, A. Richter, J. Deeks, Testing for SARS-CoV-2 antibodies, BMJ. 370 (2020)
m3325. https://doi.org/10.1136/bmj.m3325.

J.J. Deeks, J. Dinnes, Y. Takwoingi, C. Davenport, R. Spijker, S. Taylor-Phillips, A.
Adriano, S. Beese, J. Dretzke, L. Ferrante di Ruffano, I.M. Harris, M.J. Price, S.
Dittrich, D. Emperador, L. Hooft, M.M. Leeflang, A. Van den Bruel, Cochrane COVID-
19 Diagnostic Test Accuracy Group, Antibody tests for identification of current and past
infection with SARS-CoV-2, Cochrane Database of Systematic Reviews. (2020).
https://doi.org/10.1002/14651858.CD013652.

B.D. Kevadiya, J. Machhi, J. Herskovitz, M.D. Oleynikov, W.R. Blomberg, N. Bajwa,
D. Soni, S. Das, M. Hasan, M. Patel, A.M. Senan, S. Gorantla, J. McMillan, B. Edagwa,
R. Eisenberg, C.B. Gurumurthy, S.P.M. Reid, C. Punyadeera, L. Chang, H.E.
Gendelman, Diagnostics for SARS-CoV-2 infections, Nat. Mater. 20 (2021) 593-605.
https://doi.org/10.1038/s41563-020-00906-z.

E. Mohit, Z. Rostami, H. Vahidi, A comparative review of immunoassays for COVID-
19 detection, Expert Review of Clinical Immunology. 17 (2021) 573-599.
https://doi.org/10.1080/1744666X.2021.1908886.

P.M. Ladwig, D.R. Barnidge, M.A.V. Willrich, Mass Spectrometry Approaches for
Identification and Quantitation of Therapeutic Monoclonal Antibodies in the Clinical
Laboratory, Clinical and Vaccine Immunology. 24 (n.d.) e00545-16.
https://doi.org/10.1128/CVI1.00545-16.

E.S. Bergmann-Leitner, R.M. Mease, E.H. Duncan, F. Khan, J. Waitumbi, E. Angov,
Evaluation of immunoglobulin purification methods and their impact on quality and
yield of antigen-specific antibodies, Malaria Journal. 7 (2008) 129.
https://doi.org/10.1186/1475-2875-7-129.

X. Wang, Y. Li, H. Li, Y. Gu, Y. Song, Q. Zhang, L. Liu, G. Meng, Z. Yao, H. Wu, Y.
Xia, X. Bao, H. Shi, Q. Su, L. Fang, H. Yang, F. Yu, S. Sun, X. Wang, M. Zhou, H. Jiao,
Q. Jia, K. Song, Y. Wu, H. Chang, K. Niu, Relationship of serum immunoglobulin levels
to blood pressure and hypertension in an adult population, ] Hum Hypertens. 32 (2018)
212-218. https://doi.org/10.1038/s41371-018-0029-2.

I. Carballo, N. Rabunal, L. Alvela, L.-F. Pérez, C. Vidal, M. Alonso, B. Sopena, F.
Gude, A. Gonzalez-Quintela, Factors Influencing Serum Concentrations of
Immunoglobulin D in the Adult Population: An Observational Study in Spain,


http://mostwiedzy.pl

A\ MOST

Scandinavian Journal of Immunology. 85 (2017) 272-279.
https://doi.org/10.1111/sji.12529.

[12] M. Yiice, E. Filiztekin, K.G. Ozkaya, COVID-19 diagnosis —A review of current
methods, Biosensors and Bioelectronics. 172 (2021) 112752.
https://doi.org/10.1016/].b10s.2020.112752.

[13] T. Ji, Z. Liu, G. Wang, X. Guo, S. Akbar khan, C. Lai, H. Chen, S. Huang, S. Xia, B.
Chen, H. Jia, Y. Chen, Q. Zhou, Detection of COVID-19: A review of the current
literature and future perspectives, Biosensors and Bioelectronics. 166 (2020) 112455.
https://doi.org/10.1016/].bi0s.2020.112455.

[14] S.S. Mahshid, S.E. Flynn, S. Mahshid, The potential application of electrochemical
biosensors in the COVID-19 pandemic: A perspective on the rapid diagnostics of SARS-
CoV-2, Biosensors and Bioelectronics. 176 (2021) 112905.
https://doi.org/10.1016/].b10s.2020.112905.

[15] L. Xu, D. Li, S. Ramadan, Y. Li, N. Klein, Facile biosensors for rapid detection of
COVID-19, Biosensors and Bioelectronics. 170 (2020) 112673.
https://doi.org/10.1016/j.b10s.2020.112673.

[16] A. Merkogi, C. Li, L.M. Lechuga, A. Ozcan, COVID-19 biosensing technologies,
Biosensors and Bioelectronics. 178 (2021) 113046.
https://doi.org/10.1016/j.bi0s.2021.113046.

[17] M. Xiao, F. Tian, X. Liu, Q. Zhou, J. Pan, Z. Luo, M. Yang, C. Yi, Virus Detection:
From State-of-the-Art Laboratories to Smartphone-Based Point-of-Care Testing,
Advanced Science. 9 (2022) 2105904. https://doi.org/10.1002/advs.202105904.

[18] K. Takemura, A.B. Ganganboina, .M. Khoris, A.D. Chowdhury, E.Y. Park, Plasmon
Nanocomposite-Enhanced Optical and Electrochemical Signals for Sensitive Virus
Detection, ACS Sens. 6 (2021) 2605-2612. https://doi.org/10.1021/acssensors.1c00308.

[19] M.J. Bistaffa, S.A. Camacho, W.M. Pazin, C.J.L. Constantino, O.N. Oliveira, P.H.B.
Aoki, Immunoassay platform with surface-enhanced resonance Raman scattering for
detecting trace levels of SARS-CoV-2 spike protein, Talanta. 244 (2022) 12338]1.
https://doi.org/10.1016/j.talanta.2022.12338]1.

[20] K. Fujimoto, K.-H. Chan, K. Takeda, K.-F. Lo, R.H.K. Leung, T. Okamoto, Sensitive
and Specific Enzyme-Linked Immunosorbent Assay Using Chemiluminescence for
Detection of Severe Acute Respiratory Syndrome Viral Infection, Journal of Clinical
Microbiology. 46 (2008) 302—-310. https://doi.org/10.1128/JCM.01006-07.

[21] O. Filchakova, D. Dossym, A. Ilyas, T. Kuanysheva, A. Abdizhamil, R. Bukasov,
Review of COVID-19 testing and diagnostic methods, Talanta. 244 (2022) 123409.
https://doi.org/10.1016/j.talanta.2022.123409.

[22] Q. Wu, W. Wu, F. Chen, P. Ren, Highly sensitive and selective surface plasmon
resonance biosensor for the detection of SARS-CoV-2 spike S1 protein, Analyst. 147
(2022) 2809-2818. https://doi.org/10.1039/D2AN00426G.

[23] P.B. da Silva, J.R. da Silva, M.C. Rodrigues, J.A. Vieira, [.A. de Andrade, T. Nagata,
A.S. Santos, S.W. da Silva, M.C.O. da Rocha, S.N. Bao, P.M. Moraes-Vieira, J.
Proenga-Modena, M.K.C. Angelim, G.F. de Souza, S.P. Muraro, A.L.B. de Barros, G.A.
de Souza Martins, F. Ribeiro-Dias, G. Machado, M.R. Fessel, A.M. Chudzinski-Tavassi,
C.M. Ronconi, D. Gongalves, R. Curi, O.N. Oliveira, R.B. Azevedo, Detection of
SARS-CoV-2 virus via dynamic light scattering using antibody-gold nanoparticle
bioconjugates against viral spike protein, Talanta. 243 (2022) 123355.
https://doi.org/10.1016/j.talanta.2022.123355.

[24] X. Peng, Y. Zhou, K. Nie, F. Zhou, Y. Yuan, J. Song, J. Qu, Promising near-infrared
plasmonic biosensor employed for specific detection of SARS-CoV-2 and its spike
glycoprotein, New J. Phys. 22 (2020) 103046. https://doi.org/10.1088/1367-
2630/abbe53.


http://mostwiedzy.pl

A\ MOST

[25] S. Bian, M. Shang, M. Sawan, Rapid biosensing SARS-CoV-2 antibodies in vaccinated
healthy donors, Biosensors and Bioelectronics. 204 (2022) 114054.
https://doi.org/10.1016/].bi0s.2022.114054.

[26] J.C. Huang, Y.-F. Chang, K.-H. Chen, L.-C. Su, C.-W. Lee, C.-C. Chen, Y.-M.A. Chen,
C. Chou, Detection of severe acute respiratory syndrome (SARS) coronavirus
nucleocapsid protein in human serum using a localized surface plasmon coupled
fluorescence fiber-optic biosensor, Biosensors and Bioelectronics. 25 (2009) 320-325.
https://doi.org/10.1016/j.bi0s.2009.07.012.

[27] Y. Saad, M.H. Gazzah, K. Mougin, M. Selmi, H. Belmabrouk, Sensitive Detection of
SARS-CoV-2 Using a Novel Plasmonic Fiber Optic Biosensor Design, Plasmonics.
(2022) 1-12. https://doi.org/10.1007/s11468-022-01639-2.

[28] Y. Cardona-Maya, A.B. Socorro, 1. Del Villar, J.L. Cruz, J.M. Corres, J.F. Botero-
Cadavid, Label-free wavelength and phase detection based SMS fiber immunosensors
optimized with cladding etching, Sensors and Actuators B: Chemical. 265 (2018) 10-19.
https://doi.org/10.1016/j.snb.2018.03.002.

[29] D. Tosi, M. Shaimerdenova, M. Sypabekova, T. Ayupova, Minimalistic design and
rapid-fabrication single-mode fiber biosensors: Review and perspectives, Optical Fiber
Technology. 72 (2022) 102968. https://doi.org/10.1016/j.yofte.2022.102968.

[30] X. Li, N. Chen, X. Zhou, P. Gong, S. Wang, Y. Zhang, Y. Zhao, A review of specialty
fiber biosensors based on interferometer configuration, Journal of Biophotonics. 14
(2021) €202100068. https://doi.org/10.1002/jbi0.202100068.

[31] R. Funari, K.-Y. Chu, A.Q. Shen, Detection of antibodies against SARS-CoV-2 spike
protein by gold nanospikes in an opto-microfluidic chip, Biosensors and Bioelectronics.
169 (2020) 112578. https://doi.org/10.1016/j.bi0s.2020.112578.

[32] J. Hu, D. Fu, C. Xia, S. Long, C. Lu, W. Sun, Y. Liu, Fiber Mach—Zehnder-
interferometer-based liquid crystal biosensor for detecting enzymatic reactions of
penicillinase, Appl. Opt., AO. 58 (2019) 4806—4811.
https://doi.org/10.1364/A0.58.004806.

[33] Y. Zhang, H. Shibru, K.L. Cooper, A. Wang, Miniature fiber-optic multicavity Fabry—
Perot interferometric biosensor, Opt. Lett., OL. 30 (2005) 1021-1023.
https://doi.org/10.1364/0OL.30.001021.

[34] M. Loyez, M. Lobry, R. Wattiez, C. Caucheteur, Optical Fiber Gratings Immunoassays,
Sensors. 19 (2019) 2595. https://doi.org/10.3390/s19112595.

[35] D. Lo Presti, C. Massaroni, C.S. Jorge Leitdo, M. De Fatima Domingues, M.
Sypabekova, D. Barrera, 1. Floris, L. Massari, C.M. Oddo, S. Sales, I.I. Iordachita, D.
Tosi, E. Schena, Fiber Bragg Gratings for Medical Applications and Future Challenges:
A Review, IEEE Access. 8 (2020) 156863—156888.
https://doi.org/10.1109/ACCESS.2020.3019138.

[36] S.-L. Lee, J. Kim, S. Choi, J. Han, G. Seo, Y.W. Lee, Fiber-optic label-free biosensor for
SARS-CoV - 2 spike protein detection using biofunctionalized long -period fiber
grating, Talanta. 235 (2021) 122801. https://doi.org/10.1016/j.talanta.2021.122801.

[37] L. Bao, J. Park, B. Qin, B. Kim, Anti-SARS-CoV-2 IgM/IgG antibodies detection using
a patch sensor containing porous microneedles and a paper-based immunoassay, Sci
Rep. 12 (2022) 10693. https://doi.org/10.1038/s41598-022-14725-6.

[38] D. Song, J. Liu, W. Xu, X. Han, H. Wang, Y. Cheng, Y. Zhuo, F. Long, Rapid and
quantitative detection of SARS-CoV-2 IgG antibody in serum using optofluidic point-of-
care testing fluorescence biosensor, Talanta. 235 (2021) 122800.
https://doi.org/10.1016/j.talanta.2021.122800.

[39] M.U. Hadi, M. Khurshid, SARS-CoV-2 Detection Using Optical Fiber Based Sensor
Method, Sensors. 22 (2022) 751. https://doi.org/10.3390/s22030751.


http://mostwiedzy.pl

A\ MOST

[40] T. Tran, O. Eskilson, F. Mayer, R. Gustavsson, R. Selegard, I. Lundstrém, C.-F.
Mandenius, E. Martinsson, D. Aili, Real-Time Nanoplasmonic Sensor for IgG
Monitoring in Bioproduction, Processes. 8 (2020) 1302.
https://doi.org/10.3390/pr8101302.

[41] A.N. Masterson, R. Sardar, Selective Detection and Ultrasensitive Quantification of
SARS-CoV-2 IgG Antibodies in Clinical Plasma Samples Using Epitope-Modified
Nanoplasmonic Biosensing Platforms, ACS Appl. Mater. Interfaces. 14 (2022) 26517—
26527. https://doi.org/10.1021/acsami.2c06599.

[42] Fluorescence signatures of SARS-CoV-2 spike S1 proteins and a human ACE-2:
excitation-emission maps and fluorescence lifetimes, (n.d.).
https://www.spiedigitallibrary.org/journals/journal-of-biomedical-optics/volume-
27/issue-05/050501/Fluorescence-signatures-of-SARS-CoV-2-spike-S1-proteins-
and/10.1117/1.JB0O.27.5.050501.full (accessed September 23, 2022).

[43] M.B. Abdullah, C. Dab, M. Almalki, A. Alnaim, A. Abuzir, C. Awada, Ultrafast
Detection of SARS-CoV-2 Spike Protein (S) and Receptor-Binding Domain (RBD) in
Saliva Using Surface-Enhanced Raman Spectroscopy, Applied Sciences. 12 (2022)
5039. https://doi.org/10.3390/app12105039.

[44] J. Rabah, A. Mansaray, R. Wynne, M. Duran, Human Immunoglobulin Class G (IgG)
Antibody Detection With Photonic Crystal Fiber, Journal of Lightwave Technology. 34
(2016) 1398-1404. https://doi.org/10.1109/JLT.2016.2518921.

[45] L. Liu, L. Marques, R. Correia, S.P. Morgan, S.-W. Lee, P. Tighe, L. Fairclough, S.
Korposh, Highly sensitive label-free antibody detection using a long period fibre grating
sensor, Sensors and Actuators B: Chemical. 271 (2018) 24-32.
https://doi.org/10.1016/j.snb.2018.05.109.

[46] S. Aydin, A short history, principles, and types of ELISA, and our laboratory experience
with peptide/protein analyses using ELISA, Peptides. 72 (2015) 4-15.
https://doi.org/10.1016/j.peptides.2015.04.012.

[47] V.R. Sarath Babu, M.A. Kumar, N.G. Karanth, M.S. Thakur, Stabilization of
immobilized glucose oxidase against thermal inactivation by silanization for biosensor
applications, Biosensors and Bioelectronics. 19 (2004) 1337—1341.
https://doi.org/10.1016/j.bi0s.2003.11.024.

[48] M.E. Marques, A.A.P. Mansur, H.S. Mansur, Chemical functionalization of surfaces for
building three-dimensional engineered biosensors, Applied Surface Science. 275 (2013)
347-360. https://doi.org/10.1016/j.apsusc.2012.12.099.

[49] A. Raziq, A. Kidakova, R. Boroznjak, J. Reut, A. Opik, V. Syritski, Development of a
portable MIP-based electrochemical sensor for detection of SARS-CoV-2 antigen,
Biosensors and Bioelectronics. 178 (2021) 113029.
https://doi.org/10.1016/j.bi0s.2021.113029.

[50] X. Tan, M. Krel, E. Dolgov, S. Park, X. Li, W. Wu, Y.-L. Sun, J. Zhang, M.K. Khaing
Oo, D.S. Perlin, X. Fan, Rapid and quantitative detection of SARS-CoV-2 specific IgG
for convalescent serum evaluation, Biosensors and Bioelectronics. 169 (2020) 112572.
https://doi.org/10.1016/j.b10s.2020.112572.

[51] Y. Yue, H. Ding, C. Chen, Label-free optical antibody testing kit based on a self-
assembled whispering-gallery-mode microsphere, Journal of Biophotonics. 14 (2021)
€202000338. https://doi.org/10.1002/jbi0.202000338.

[52] PI-1463-AEN.pdf, (n.d.).
https://www.corning.com/media/worldwide/coc/documents/Fiber/PI-1463-AEN.pdf
(accessed July 22, 2022).

[53] M.E. Goldberg, L. Djavadi-Ohaniance, Methods for measurement of antibody/antigen
affinity based on ELISA and RIA, Current Opinion in Immunology. 5 (1993) 278-281.
https://doi.org/10.1016/0952-7915(93)90018-N.


http://mostwiedzy.pl

A\ MOST

[54] F. Ludolf, F.F. Ramos, F.F. Bagno, J.A. Oliveira-da-Silva, T.A.R. Reis, M.
Christodoulides, P.F. Vassallo, C.G. Ravetti, V. Nobre, F.G. da Fonseca, E.A.F. Coelho,
Detecting anti—-SARS-CoV-2 antibodies in urine samples: A noninvasive and sensitive
way to assay COVID-19 immune conversion, Science Advances. 8 (2022) eabn7424.
https://doi.org/10.1126/sciadv.abn7424.


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Dowiloaded from mostwiedzy.pl

fiber cladding

fiber core

light in

E light out

In this paper, the design and the principle of operation of the SARS-CoV-2 specific IgG

biophotonic sensor is presented. The sensor head was fabricated at the face of the SMF 28 fiber.
Due to the process of bio-functionalization, the sensor has the ability to selectively detect the
SARS-CoV-2 specific IgG antibodies. The results of preliminary tests allowed us to correctly
determine the presence of antibodies in less than 1 minute in 5 pL in a volume sample of
concentration of 10 ug/mL, which corresponds to the concentration of IgG antibodies in human

serum.
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