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Summary

In recent years, biosensors have been constantly developed for many purposes, in addition
to pregnancy tests and blood glucose meters that are in common use. The importance of their
application in medical diagnostics has also been demonstrated even since the global pandemic
of the COVID-19 coronavirus disease. In this context, biosensors could play an important role
as rapid point-of-care and ‘on-site’ tests, owing to their potential for rapid, sensitive, selective,
and potentially label-free pathogen detection. Therefore, these devices provide a feasible and
affordable alternative to traditional laboratory diagnostic techniques, even in rural
environments, which is a key to both disease suppression and to early diagnosis and thus
enabling early treatment. For such applications, label-free optical biosensors are suitable, which
integrated optical form enables the pathogen detection in the desired miniaturized, portable, and
sensitive way. The common operation principle among such devices is based on evanescent-
field sensing, where the changes in the surroundings of the applied waveguiding structure can
be detected. In my PhD studies, the aim was to create biosensors for pathogen detection from
fluid samples via evanescent field, using polymer waveguide stripes designed and fabricated on
glass substrates, in a combination with an integrated microfluidic channel.

As first application, an electro-optical biosensor was created for label-free, rapid, selective,
and sensitive detection of living, non-virulent Escherichia coli bacteria in body fluids. The
proof-of-concept detection technique included an initial dielectrophoretic (DEP) target-cell
collection process, followed by the detection of these captured cells via the evanescent waves
of light propagating in a multimode waveguide, and scattered by the bacteria. The quantitative
measurements were based on changes of the scattered light pattern, related to bacteria
movement in the detection region because of an external electrical stimulus. These changes
were proved to be significant even when using objectives of moderate magnification (x10,
x4.7). Thus, this method provides a possible cell detection method with low-cost cameras. The
results were evaluated based on image processing approaches. The optimal frequency parameter
of the alternating (AC) electric field applied for DEP-based cell collection was also determined.
The practical usability of the biosensor is characterized by its limit of detection (LOD), which
in this case was estimated to be ca. 10° CFU/mI bacteria concentration. This value is relevant
for the concentration of typical pathogens in body fluids, e.g., urine. Although the biosensor
was primarily used for non-specific detection of bacteria, the feasibility of size-selective
detection by DEP-based cell collection was proven in several cases, which cell-collection
method could be used in other high-sensitivity integrated optical sensor devices, as well. Based



on the operation principle and the design of this biosensor, the detection could be carried out
rapidly, with fast detection time of about 10 minutes. Based on the demonstration of this proof-
of-concept detection method, this biosensor design has some promising aspects regarding its
sensitivity, low cost of fabrication, and rapid detection process. These could all contribute to its
application as a point-of-care diagnostic test in the future.

For the second application of integrated optical structures, a miniature Mach-Zehnder
interferometer (MZI)-based biosensor was made, providing rapid and sensitive detection of
biological particles. Due to these favorable properties, the device was developed and applied
for specific viral protein sensing, as part of a recent study carried out in collaboration with the
members of the Biological Barriers Research Group of our institute. The topic is related to the
neuroinvasion of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), focusing on
its surface spike protein’s S1 subunit. This protein could circulate during infection and could
possibly cross the blood-brain barrier (BBB) when reaching the brain, which was demonstrated
with mice. Moreover, several gastrointestinal symptoms are associated with this disease, thus
an intestinal barrier was also investigated. The medical relevance of the spike protein passage
through biological barriers is of high importance. In the mentioned study, the penetration
capability of the S1 subunit across biological barriers exposed to the infection, namely BBB
and intestinal ones, was investigated. For this purpose, in vitro cell culture models of these
barriers were used in a permeability assay. Then, the verification of the barrier-crossing of the
protein was quantitatively measured with the integrated optical biosensor and an alternative
traditional enzyme linked immunosorbent assay (ELISA). The specific detection of the amount
of the barrier-crossed protein was performed by the biofunctionalization of the surface of the
waveguide, used for the measuring arm of the interferometer. Prior to these measurements, the
operating point of the interferometer was set to reach optimal, stable detection. For this purpose,
a gold heater surface-structure was deposited near the interferometer reference arm, which
resulted a change in the refractive index of the medium surrounding the waveguide via
temperature modulation. The measurements with the biosensor provided accurate
determination of the amount of S1 protein that passed through the barrier systems. Furthermore,
it was established that the S1 protein could pass through the two types of barriers in different
amounts. The results of the experiments with the biosensor were in agreement with the results
of conventional immunological tests (ELISA) carried out in parallel. These findings can be
valuable for further studies related to the pathological effects of SARS-CoV-2 on the human
body. With the biosensor, the measurements took a few minutes, showing the applicability of

this interferometric biosensing approach for such diagnostic purposes.



1. Introduction

1.1. Biosensors in point-of-care diagnostics

Biosensors have been part of the medical diagnostic toolbox since the middle of the last
century. The first pioneering device was the development of an enzyme electrode. Since then,
the field of biosensors has evolved enormously. Since the end of the last century, such devices
have been in everyday use and have become dominant, whether we are talking about a
disposable pregnancy test or a blood glucose meter. The progress is even more noticeable today,
with applications in the food industry, water management, quality control and environmental
monitoring against pollution, in addition to medical diagnostics [1]. Not surprisingly, since the
1990s, the number of scientific publications related to the term ‘biosensor’ has shown a quasi-
exponential increase on PubMed [2]. This evolution is further confirmed by the number of
biosensors that have been widely used in industry in recent years [3].

The purpose of biosensors is to detect an analyte, involved in a biological or biochemical
reaction, using a given biological recognition element, providing a signal proportional to its
concentration in the sample. This recognition can be reached selectively, specifically, and
rapidly by means of different binding sites (e.g., immunological antigen antibody, or
biochemical enzyme substrate, or receptor analyte). The generated signal is then converted by
a transducer, and subsequently processed and detected. This process can be optical, electrical,
magnetic, or mass-based, with the output being, for example, a color change or an electrical
signal. These devices may also use labeling for their operation, such as nanodots or
fluorophores. However, their label-free versions may also have a sufficiently high sensitivity
and ensure cost-effective operation [4].

The clinical diagnostic use of these devices can in some cases provide an alternative in point-
of-care testing (POC), facilitating the initiation of appropriate therapeutic treatment. There is a
great need for it, as conventionally used, highly sensitive and specific microbiological cell-
culture and immunoassays require laboratory conditions, a relatively large amount of time and
trained staff. These techniques include, for example, polymerase chain reaction (PCR)-based
procedures and various types of enzyme-linked immunosorbent assays (ELISAs). For a
diagnostic tool to be used for POC testing, it must meet several requirements. The World Health
Organization has determined these, so-called ASSURED criteria: affordable, sensitive, specific,
user-friendly, rapid, and robust, equipment-free, and deliverable to end-users. These
characteristics also apply to the diagnostic use of biosensors. These devices, in addition to the



selective and specific detection provided by biorecognition elements, also include fast and
sensitive operation and reproducibility. The sensitivity of the biosensors, as one of their key
features, can be characterized by the limit of detection (LOD). This describes the minimum
reliable change in the parameter used to determine the analyte concentration during detection
[4-6].

To implement all these features in a portable, easy-to-use and highly sensitive single chip
platform, biosensors can be incorporated in lab-on-a-chip (LOC) devices for label-free and real-
time ‘on-chip’ analysis. For the practical POC application of such miniature LOC systems, they
must bear several functionalities. These involve handling of the target fluid, sample preparation
(e.g., its filtration, homogenization, dilution, etc.), and the tasks related to biosensors, namely
target detection and signal processing. For this purpose, microfluidic channels of reduced
dimensions and volumes can be used, providing performance improvement of the whole LOC
platform. Therefore, biological fluids of less volume, e.g., a drop of blood, that is commonly
used for traditional laboratory tests, can be handled and analyzed. Due to the above-mentioned
properties of LOCs, a wide range of such fast and efficient analytical platforms has been
developed for the application as diagnostic tools during the recent years [7-10].

Biosensors can perform detection in different ways. In this context, one basis for
differentiation can be whether labeling is used in the process of operating the device. Labeling
techniques may use optical, radioactive, or magnetic markers, such as fluorophores or
nanoparticles. The chemical procedure, required for their application, takes cost and time in a
laboratory-intensive environment. Consequently, beside these techniques can achieve high
sensitivity, the label-free versions can also perform their task at lower cost and with sufficient
sensitivity [11,12]. Another basis of biosensor differentiation is based on the applied transducer,
thus there are also optical, electrical, electrochemical, or magnetic devices[4].

Among the many label-free designs, electrical signal detection in electrochemical devices
make up a large proportion of biosensors, alongside optical ones. Detection by these sensors
can be based on amperometry, voltammetry, potentiometry, conductometry, or the most widely
used electrochemical impedance spectroscopy (EIS). For this purpose, surface microelectrode
systems are used in various layouts in a miniaturized form to ensure portability. In case of
impedimetric biosensors, the impedance of the electrodes changes due to capturing target cells
on their surface. Such devices could usefully assist clinical diagnostics. In this context, for
example, many disease-indicator protein biomarkers can be measured from fluid samples with
high accuracy [13]. Furthermore, the simplicity and adaptability of impedimetric detection

allow the detection of many pathogens by EIS [14].



In addition to electrical signal-based sensing, optical biosensors are currently also prominent
in POC diagnostic applications. This is due to the high sensitivity, selectivity, and real-time
monitoring capabilities of these devices. Optical detection can be based on a change in a
particular property of light, e.g., intensity, phase, resonance frequency. Currently, in a POC
application-oriented way, the development of label-free, integrated optical construction is

prevalent [4].

1.2. Integrated optics

In the second half of the 20th century, the demand for the miniaturization of optical systems
was brought to life by the growing demand for information processing. The units of
telecommunication systems implemented by traditional integrated circuits are provided by the
transistor. Moore's law, which predicts an exponential increase in their number, is no longer
fully applicable in the past decades. The need for high-speed signal transmission and signal
processing in telecommunications encouraged the creation of analog systems with integrated
circuits (IC). As a result, such systems were created in which, instead of electrons, light — with
its intrinsic faster propagation speed — carries the information. In this way, photonic integrated
circuits (PICs) have been created, which technology realizes the generation, transmission, and
processing of light. In practice, it is necessary to implement them in a compact and miniaturized
form on a single chip, applying the technology of integrated optics (I0). Notably, further
technological advances are required for developing all-optical systems for practical use, thus
only hybrid (opto-electronic) systems with electronic signal generation and processing have
been realized, so far. In parallel, regarding the label-free POC diagnostic application of optical
biosensors, their integrated optical (10) constructions have been widely investigated due to the
advantages provided by this technology (for more details see 1.3. section). In this context, such
1O biosensor devices can offer possible label-free methods for biological particle detection with
high sensitivity, realized in a miniaturized and mechanical stable platform. Additionally, due to
the design of such 10 structures, the fabrication of these optical biosensors can be performed
by the commonly used complementary metal-oxide semiconductor (CMOS) technology,
allowing their mass production. Last, but not least, the vast majority of the recently developed
integrated optical biosensors perform evanescent-field detection, which is based on the intrinsic
feature of such 10 systems (see more details in 1.2.2. section). These label-free integrated

optical devices are also surveyed later (1.3. section) [4,15,16].



1.2.1. Optical waveguide theory

To understand the working principle of the integrated optical biosensors as promising
candidates for label-free POC testing applications, first the characteristic features of light
propagation in these structures are needed to be described. In integrated optical circuits, light is
confined as a ‘guided-wave’ by optical waveguide structures, also known as ‘dielectric’
waveguides. In practice, optical fibers are the most widely used, cylindrical waveguide
constructions as telecommunication signal transmitters. In contrast, in 10 systems the focus is
on planar structures, which can be realized on a single chip supporting the aim of the
miniaturization [17].

The simplest model for describing the theory of optical waveguiding is provided by the
construction of the planar slab waveguide, shown in Figure 1 with the directions (X, y, z). In
this system, light propagates in the dielectric layer of the waveguide (G) by total internal
reflections (TIR) from the boundaries with substrate (S), on which it is located, and with a cover
layer (C). As the geometrical optics theory states, the basic condition for reaching TIR, the
refractive index of the guide (ng) must be greater than that of the surrounding media (ns < ng >
nc) at the wavelength (Ao) of the light coupled to the waveguide. In case of a three-layer slab
waveguide construction, the extension of the waveguide could be considered semi-infinite in
the plane (y-z) parallel to the direction of the light propagation in the guide. Meanwhile, in 10
systems the wavelength of the applied light is comparable with the thickness of the guiding
layer (tg) in the x direction, perpendicular to the y-z plane, which is typically in the micron
scale. In this regime, in contrast to the geometrical optics theory, the continuous TIRs lead to
interferences of the propagating light waves in the waveguide. This phenomenon limits the
number of waves being able to propagate in the waveguide. To achieve the guiding of the light
waves in such a structure, the interference must be constructive, which is called the self-
consistency criterion. It lays the basics of the ‘zig-zag’ model of the propagating light in such
systems [17]. In other words, the phase of the traveling wave must remain in phase with itself
after double TIRs. Moreover, based on the criterion of TIRs, defined by Snell’s law, light waves
with discrete incident angles, relative to the normal to the interfaces, could propagate in the
guiding layer. In that case, the above-mentioned angles must exceed the corresponding critical
angles (0c) for each interface [4]:



6 = sin™ (h) (Eq.L)
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where 0 is the angle of incidence (direction of the propagation), nsc and nq are the refractive
indices of the corresponding surrounding medium and the guiding layer, respectively. In
contrast, for coupling light into the waveguide, the coupling angle must be lower than a discrete
value (8in), otherwise the guiding could not take place and the incident light radiates to the

surrounding media.
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Figure 1. Schematic illustration of optical wave coupling to a slab waveguide with the light propagation in it. The incident

substrate
mode

angle of the guiding light, relative to the direction of the propagation (z), must be less than a discrete angle (6in) for its efficient
incoupling to the slab waveguide with tq thickness. Then the light mode could be guided by total internal reflections (TIRs) in
the slab. Based on Snell’s law, the regarding incident angle must be greater than a critical angle (6c), defined by the refractive
indices of the corresponding media (ns < ng > n¢). Otherwise, depending on the coupling angles, the light could be confined in
the substrate as a substrate mode (6s), and also it could radiate out of the system (6r). The figure was created with Biorender.com,

adapted from a figure of a recent study [4].

Due to the self-consistency, only a discrete set of waveguiding states exist in such planar
waveguide systems. These are called the modes of propagation. Based on these boundary
conditions and the Maxwell equations in case of such dielectric layers of a slab waveguide [4],
the optical waveguiding and the modes can be further characterized. Applying the zig-zag
model, the light propagates in the z direction, while it is confined (tg) in the transverse direction
(x). Both the light and the waveguide can be considered uniform. The light waves are coherent
and monochromatic, which can be characterized by a wavevector k*ng, describing its

propagation in the direction of the wave normal. The absolute value of k is:
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where o is the angular frequency, Ao and co are the wavelength and velocity of light in vacuum.
Due to the zig-zag propagation of a wave in the guide, the tangential component of k (ki) must
be continuous across an interface based on Snell’s law. Consequently, it can be described by a
value, by the effective refractive index (N), which equals to ki/k for planar waveguides, and it
is between the indices of the waveguide and the surrounding media (ns, nc < N < ng). ki is also
called propagation constant (j3):

w
B=E=k-ng-sin0 (Eq.3.)

where vp is the related phase velocity. This connection shows the angle dependency of the self-
consistent propagation. Regarding the self-consistency, because of the constructive
interference, the phase shift due to the reflections must be an integer of the multiple of 2xt. This
condition can be described, taking the above-mentioned light propagation properties into

consideration, giving the mode equation:
2-k-ng-tg-cos0 =2 ¢gy—2 g, =2-1-mMm (Eq.4.)

where ¢; ; and ¢, . are the phase shifts resulting from the reflections from each interface, which
is a function of the corresponding 0 angles, as (Eq.1.) describes, and m refers to the order of the
modes (0, 1, 2, ...). In planar waveguides, modes with only two polarizations can be excited,
based on the plane wave solutions of Maxwell equations for these structures. This leads to two
orthogonal sets of functions, where even the total electric or total magnetic field oscillates in
the plane of the interfaces. Therefore, modes can be divided into transversal electric (TE) and
transversal magnetic (TM) at an order (eg. the zeroth order TEo, TMo, and first order TE1, TM1
and so on). The order of the modes starts with zero, and it refers to the wavefronts of the
corresponding electromagnetic-field distribution profiles in the cross-section in the guide
(Figure 3a) [18]. As it is depicted in Eq.4., the number of modes, which propagation is supported
by the waveguide, depends on the thickness of the guiding layer (tg), as well. The guiding of
modes of an order (e.g., the Oth fundamental TE and TM) can only take place, if that thickness
is greater than the corresponding minimum or so-called ‘cut-off” value. If that value is only
slightly larger than the cut-off thickness at a given wavelength, only fundamental modes can
propagate. In this case, we can talk about single mode waveguides. In other cases, where thicker

guides are considered, multiple modes can be guided in multimode waveguides. With
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decreasing tg, and refractive index contrast between substrate and guide, and with increasing
wavelength, the number of guided modes decreases. Therefore, the opposite is also true, in case
of a light with a frequency lower than the cut-off frequency given by the geometry and the
material of the waveguide, it cannot propagate in the waveguide [4,17,19,20].

If the waveguide structure does not fulfill the above-mentioned requirements, various
undesired modes can be observed. These could even propagate in the substrate layer, as a
substrate mode, or radiate and could be coupled out of the system and travel in the surrounding
media, as a radiation mode (Figure 1) [17].

The waveguiding theory can be extended to further rectangular and planar waveguide
structures, as well. Consequently, a wide range of these constructions have been utilized as
passive elements in 10 systems for transmitting information coded by light. Beside the slab
waveguide detailed above, there can be found the ‘rib’ and ‘ridge’ structures, fabricated on a
substrate. In contrast, there are ones, especially ‘buried’ and ‘strip-loaded’ where the guide is
embedded in the substrate. Nevertheless, the list of the mentioned designs represents only the
main types, besides these, many more have been designed and used in various applications
[4,17].

waveguide

%
ridge \— substrate slab buried

core waveguide

cladding

cladding

rib strip-loaded optical fiber

Figure 2. Schematic illustration of different waveguide types and the optical fiber. The figure was created in Biorender.com,
adapted from a figure of a recent study [4].

Such waveguides can be made up of various materials, which determines the transmission
spectra of the guided light, thus their application even in visible and near infrared wavelengths.
Therefore, glass, silicon, e.g., Si, SisN4, SION; polymer, or I11-V compounds or lithium-niobate
structures can be realized [21].

The above-mentioned perspectives are necessary to be considered, along with the
wavelength of the transmitted light, for designing integrated optical waveguide structures.
Consequently, 10 systems for various applications ranging from telecommunication, biosensing

and quantum communication can be realized [4,17].
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1.2.2. Evanescent field

The light propagates in the waveguide by TIRs, following the above-described ‘zig-zag’
model, where the flow of its energy, as electromagnetic field distribution, can be examined
from a wave-optical point of view. From this perspective, it is shown that the light suffers a
lateral shift (Goos-Hénchen shift) compared to the incident ray when it is reflected from the
boundary of the 'dielectric' waveguide. This phenomenon indicates that the light ray can
penetrate the adjacent medium before its reflection. Meanwhile, the light intensity shows a
gradual attenuation perpendicular to its direction of propagation (x in Figure 1) in the medium,
starting from the interface (Figure 3). This decay shows an exponential trend regarding the
power of the electric field (Figure 3). Therefore, such waves in the near-field from the
boundaries of the guide, are called evanescent waves, and the field, in which they are located,
is the evanescent field. The extension of this field can be described by the penetration depth
(dp). This is defined by the distance from the interface of the guiding layer and the adjacent
medium, where the electric field intensity is decayed to 1/e part of its initial value (Figure 3).
The d, depends on the refractive-index contrast between the two media (ng, nc), the effective
refractive index and the wavelength of the propagating light. Its value can be in the range of
30-150 nm, typically for visible light waves [4]. Nonetheless, by optimizing the opto-
geometrical design of the waveguide, it can be extended. For this purpose, the waveguide
symmetry, regarding the refractive indices, can be reversed. Such an approach was applied in a
study [22], achieving a great increase in the extension of the evanescent field to about 1 pm.

The phenomenon of evanescent waves also implies that any changes in the local refractive
index in this evanescent field alters the effective refractive index, as well. This also shifts the
phase of the light propagating in the waveguide, which can be detected (Figure 3b) [4,17].

Due to this characteristic property of the optical waveguides, the evanescent field is of
particular importance. It provides a way to probe the vicinity of such waveguides, which has
been utilized in optical microscopy, e.g., as a powerful technique (total internal reflection
fluorescence — TIRF) [23,24], and has paved the way for a widespread biosensing applications
[4,25].
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Figure 3. (a) Schematic illustration of propagation modes (Oth and 1st) for different polarizations — transversal electric (TE)
and magnetic (TM) —in a planar waveguide with their field-distribution. These propagating modes penetrates to the surrounding
media at a limited extent — penetration depth (dp) —, which is called the evanescent field. (b) Any change in the local refractive
index (An) in this field, e.g., the adsorption of a viral protein on the antibody (Ab) covered waveguide surface, results a change
in the phase (Ag) of the propagating mode. Moreover, the evanescent waves of this mode can even scatter on cells. These
phenomena can be used in various ways for biosensor applications. The figure was created with Biorender.com, adapted from
a figure of a recent study [4].

1.2.3. Integrated optical components

As it was mentioned, integrated optics intends to implement systems analogous to electrical
integrated circuits. Accordingly, many electronic components also have an integrated optical
counterpart. These include passive ones as well as active ones that require energy for their
operation. For example, in this case, waveguides correspond to the transmission of signals in
an analogous manner to electric wires as passive elements. Optical signals can also be handled
by 10 lenses, gratings, light couplers, and distributed using Y branches or other beam splitters.
The intensity and phase of the light guided by these structures can be modified by active
elements. In this case, the local extinction or effective refractive index of the waveguide's
environment is modified under the influence of an external stimulus, which can be electrical,
magnetic, or thermal. In case of the latter, DC current can be applied on a heating wire, thus
changing the local refractive index near the waveguide, causing phase modulation of the guided
light [26-28].

By assembling the above elements, complex, active photonic integrated circuit devices, such
as decoders/multiplexers, switches, and intensity modulators can be realized, which play a key
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role in signal processing. In such systems, these active components were made up of non-linear
optical (NLO) materials, such as chromoproteins.
In the following, two interferometric devices are detailed [17,29].

@ A\Nﬂinput M output
—————— "WV V — —
Optical :%ngle-mode single—moae /‘L

@ Propagating modes: Measuring arm  \\/\; Reference arm

multimode region

Optical fiber

Figure 4. Schematic illustration of integrated optical multimode (MMI) (a) and Mach-Zehnder interferometer (MZI) (b)
structures. For the MMIs, the light propagates in N (equals 1 on the figure) single-mode waveguide(s), then it reaches the
multimode region. There an interference pattern is created, which determines the light intensities of the M (equals 3 on the
figure) output single-mode structures. This can be used for light intensity distribution, multiplexing, and demultiplexing.

In the Mach-Zehnder interferometer (b), the light is coupled to a single-mode structure that splits into two arms, the reference
and measuring ones with equal length (L, Lm), which then join. The interference of the light waves, propagating in these arms,
determines the output intensity. Any change in the refractive index of the measuring arm (An) results a phase shift (Ag) in the
light, compared to that of the reference arm, which can be detected through the modulation of the output light intensity. The

figure was created with Biorender.com.

Multimode interferometer (MMI)

If multiple equal distribution, for example the multiplexing or demultiplexing of the light
power, had to be implemented, the use of nested Y branch structures would not be efficient.
The reason for this is that there would be a significant loss in the branches due to their
geometries with various branch angles. To reduce such power loss, multimode interferometer
(MMI) beam splitters can be applied. With such structures, the light intensity from any N inputs
can be distributed equally among M outputs (Figure 4). Its operation is based on the interference
of the coherent and monochromatic waves entering the multi-mode device from single-mode
inputs, which gives a standing-wave pattern, the so-called Talbot-pattern. Therefore, by
designing the geometry, M nodes of outputs can be positioned at a given cross-section of the
structure such a way that the output intensity can be maximized and the power can be balanced
among them. Such MMIs can provide the basis of 10 array-waveguide gratings (AWG), which
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could be used in fiber-optic communication systems as wavelength division multiplexers
[30,31].

Mach-Zehnder interferometer (MZI)

In photonic integrated circuits, light switches play a decisive role in terms of operating speed.
Such switches can be created by modulating the light intensity. The integrated optical Mach-
Zehnder interferometer is especially suitable for this purpose. The original concept of this
device was developed by Mach and Zehnder for optical systems at the end of the 19th century.
They showed that a change in the optical properties of a sample can be detected using the wave
nature of light through the change in the refractive index between collimated beams of a light
source. The current integrated optical design of this device is made up of waveguides. In these
systems, monochromatic, collimated, polarized light propagates in a single-mode waveguide,
whose structure splits into two arms of equal length, the measuring arm, and the reference arm.
Then they join again. Interference, resulting from the superposition of the light beams
propagating in the arms, occurs at the point of the joint. The light then exits the device through
an output single-mode structure, which can be detected by a photodetector or CCD camera. If
the optical path length of the two arms is the same and the environmental parameters are also
common for them (temperature, humidity), the input and output light intensities are equal. The
former occurs if they have equal refractive indices and lengths. In this case, maximum
amplification is achieved between the interfering waves. However, if the refractive index
changes in the vicinity of the measuring arm, a phase shift occurs in the light propagating in it,
due to the interaction of the evanescent field. This means that the optical path length changes
in that arm, and a phase difference arises for the light waves propagating in the two arms.
Therefore, the output light intensity also changes due to the interference between the measuring
and reference arms of intensities Im and Iy, respectively. This intensity (1) is a periodic sinusoidal

function of the phase shift (Ao); therefore, it can be calculated as follows:
I=L,+1,+2 /I, *I. -cosAp (Eqg.5.)

Meanwhile, the phase shift, causing the intensity modulation, arises from the refractive index
difference observed by the beams propagating along the lengths of the two arms (Lm, Ly). Its
value can be determined by the following equation:

Ap =k- (fLmn(r)dr— fLrn(r)@) (Eq.6.)

where k is the wave number (Eq.2.), n(r) is the refractive index of the medium at r point. Based
on these calculations, such integrated optical Mach-Zehnder interferometer (I0 MZI) devices
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have been utilized for refractive index measurements for optical and biosensing purposes.
Depending on the layout and the materials of the waveguide, refractive index unit (RIU)
detection limit of ca. 107" can be achieved. Such sensitivity and design with the possibility of
evanescent field detection support the application of such construction for biosensing purposes
[4,21,29].

1.3. Label-free integrated optical biosensors

In integrated optical biosensors, a waveguide provides the main component for the label-free
detection. The evanescent field-based sensing technique associated with optical waveguides is
the main method among these sensors. In this case, the change in the refractive index of the
waveguide’s vicinity results in a variation in the phase of the light propagating in the structure.
This can be exploited to detect biochemical reactions with bio-recognition elements placed on
the surface of the waveguide, thus enabling rapid, sensitive, and specific detection of a given
analyte. There are several techniques that use this detection principle in different ways. These
include, for example, optical waveguide light-mode spectroscopy (OWLS) based on grating
gating and resonance frequency shift detection. In addition, surface plasmon resonance (SPR)
techniques are widely investigated, where plasmons are induced in a surface metal layer, and
the evanescent field of the plasmon waves is used to detect microstructural changes in the
surface vicinity. Although these are highly sensitive devices, their in/out-coupling design may
limit their LOC integration and portability. In this respect, 10 interferometric sensors have the
advantage of offering more possibilities for light coupling, e.g., by coupling an optical fiber or
lens to the end of the waveguide. The most common representative of these devices is the 10
Mach-Zehnder interferometer, where the evanescent waves of the light, propagating in the
measuring arm, interact with the liquid sample, so that the adhesion of a potential analyte on
the surface can be detected via a change in intensity due to interference between the waves
guided by the two arms.

Such biosensors have shown good performance in the detection of several pathogens. In
addition to optical detection methods, an unconventional technique may be based on image
processing of scattered light. Using this approach, a 30x surface-pre-enrichment of pathogen
bacteria was achieved by applying an external electric field. Then these bacteria have been
identified and detected with fluorescent labeled antibodies from fluid samples by first light
scattering and then by fluorescence, recorded by a CCD camera [32]. Another, commercially
available optical system uses such a scattered evanescent light-based method for detection of

bacteria from fluid samples. Starting from the above-mentioned techniques, such biosensors,
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where larger (a few um size) surface-bound pathogens are desired to be detected by scattering

evanescent waves on them, may be applicable [6,33].

Tablel. Comprehensive review of evanescent-field sensing based label-free biosensor constructions,

regarding the limit of detection (LOD), and the target pathogen microorganisms

Sensor type LOD Target pathogen Sample Ref

S.
OWLS 60 cells/mm? E. coli K12 buffer [34]
OWLS 1.3-10* CFU/mlI Legionella pneumophila water [35]
SPR 103 CFU/mI MRSA?, E. coli 0157:H7 buffer [36]
MZI 108 CFU/mI E. coli buffer [37]
MZI 10°CFU/ml Listeria monocytogenes buffer [38]
Light scattering 10-50 CFU/assay | E. coli, Cryptosporidium, Giardia cells from | [39]
(MIT 1000) colony

As it was mentioned above, the 10 technology enables miniaturization and portability of
these 10-structure based devices, which can be then easily incorporated into LOC systems. This
allows the creation of a complete sensor architecture, including microfluidic and signal readout
units, so that even a non-expert can perform POC testing of body fluids [5].

The importance of applying such biosensors in healthcare has been shown in many situations
in everyday life, especially during the recent pandemic period. Nowadays, nosocomial infection
during hospitalization, food poisoning or disease spreading in rural places are urgent issues.
Considering these topics biosensors as portable POC devices, performing the desired rapid,
selective, and sensitive detection of target bacteria, such as the fecal coliform Escherichia coli
(E. coli), the spore Salmonella, and the food borne Shigella or other strains, can play an
important role. These bacteria could cause serious infection even at low concentration in various
body fluids (e.g., urine, saliva, or blood). For example, this means an infection dose of 10-100
colony forming unit (CFU), related to microbiological cell-culturing technique in case of two,
diarrhea-causing bacteria strains E. coli (enteroinvasive, 0157:H17) and Shigella [40,41].
However, a larger number of cells is required for infecting a host for Staphylococcus aureus,
which can be varying in the range of 10%-108 cells [40]. Sticking further to medical diagnostics,
beyond the health crises caused by bacteria, in this term the discussion of viruses is also
relevant. In the last decade, 5 different pandemics have emerged worldwide, severe acute

L Escherichia coli
2 Methicillin resistant Staphylococcus aureus (MRSA)
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respiratory syndrome (SARS), swine flu, Middle East respiratory syndrome (MERS), Zika, and
the coronavirus disease 2019 (COVID-19), according to the WHO. Consequently, biosensors
have a key role to play in mitigating the spread of epidemics, in addition to the rapid and
accurate 'on-site' detection of viral infections. This was also evident in the testing during the
consecutive waves in the pandemic of COVID-19, caused by SARS-COV-2, where rapid
diagnosis could be a lifesaver [5]. This disease still poses serious health risks. Thereby, several
problems affecting various organs in long-covid syndromes, arising in the case of severe
infections [42]. These may include neurological symptoms such as dizziness, brain fog,
headache, fever, anxiety/depression, and vascular problems of similar severity such as
cerebrovascular-endothelial injury, hypoxia/ischemia [42]. In this regard, biological barrier
systems composed of epithelial and endothelial cells play a key role in the spread of the virus
throughout the body after it enters the oral cavity or nasal cavity during infection [43,44]. Such
systems are present in the lungs, capillaries, nasal cavities, and intestines, which are exposed to
infection. Through these, the virus, or its components, could reach the blood-brain barrier
(BBB) via the bloodstream [44]. For example, the surface spike protein of the virus, or its
subunit (S1), that is important in cell-surface receptor-recognition process, can detach from the
virion by enzymes or heat shock, and spread throughout the body [45,46]. It can thus trigger
pathological processes on its own. The presence of S1 has been identified in rodent brain tissue
where it was administered intranasally, thus the protein could cross the BBB [47]. The use of
biosensors in the study of pathologies associated with this type of disease could also play a key

role in gaining a thorough understanding of the infection [5,48-50].

1.4. Dielectrophoresis

For accurate impedimetric detection of the amount of analytes in a fluid sample flowing in
microfluidic systems, a higher proportion of the analytes must be deposited on the surface of
the electrodes, in the detection field. For this purpose, impedimetric biosensors often apply the
phenomenon of dielectrophoresis (DEP), where dielectric particles (e.g., cells, polystyrene
beads), suspended in the medium, can be polarized, and manipulated by a spatially non-uniform
electric field, typically alternating (AC) electric field. In such biosensor systems, this field is
applied to the measuring surface electrodes. During dielectrophoresis, a dipole is induced in the
cells depending on the frequency of the AC field, which causes their motion in the sample
according to the physical parameters of the medium and the cells. This movement is determined

by the permittivity (g), conductivity (o), and dielectric parameters of the particles and the
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medium [51]. Based on these properties, the arising dielectrophoretic force (Fpep), acting on

spherical particles, can be given as follows [52]:

& — &
m
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— _ — |.VE2 7.
3£+2'g:nl Vrms (Eq7)

where r is the radius of the sphere, &, 5, are the complex permittivity of the particle and the

medium, respectively, in the real part of the Clausius-Mossotti (CM) factor, describing the

relative polarizability of the particle as ;p;; , and VEZ,. is the gradient of the root-mean-
P m

square of the applied electric field [53]. Each complex permittivity shows the influence of the
radial frequency () of the AC field on this effect, as it is given by:

&= o (Eq.8.)

where ¢ represents the permittivity, o the conductivity, o the radial frequency of the AC field,

and j equals to v—1. According to the equation (Eq.7.), based on the CM factor (+/ -), the force
can be directed towards the maximum value of the electric field strength, collecting the cells on
the surface of the electrodes. This is called positive dielectrophoresis (pDEP). In the opposite
case, a force pointing towards the minimum of the field strength repels the cells from the
electrodes, which is called negative dielectrophoresis (nDEP). A transition between the two
cases also occurs because of the frequency dependency of the Fpep. This can be characterized
by the cross-over frequency for a given condition particle in the fluid medium, where the CM
factor, therefore Fpep, is zero [33,54].

Due to the above-mentioned properties and the wide range of possibilities, DEP can be used
in a variety of ways in such microfluidic systems. For example, cells can be sorted [55],
separated, or collected and/or concentrated [56]. In this way, pathogen bacterial cells,
mentioned above, can be collected on electrodes. The use of DEP-based bacterial concentration
with biosensors can provide an efficient performance enhancement by reducing the number of

lost pathogens to be detected at low flow rates [54,57,58].
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Objectives

The scientific work was primarily aimed at the design, fabrication, and application of
integrated optical structures. In this context, the focus was particularly on current topics in
medical diagnostics, namely for practical point-of-care (POC) use as rapid clinical tests.

In the first proof-of-concept project, the goal was to create an optical biosensor device based
on an integrated optical polymer waveguide structure, and evanescent field sensing for label-
free, rapid, selective, and sensitive detection of Escherichia coli bacteria in body fluids. To this
end, the evanescent waves of red light, scattered on the target cells, provide a scattering pattern
that can be used for biosensing. The sensitivity of such a device can be increased by using
dielectrophoresis, which exploits the polarizability of the cells by collecting them on the surface
of electrodes placed near the waveguide, using an alternating electric field. This way an electro-
optical biosensor can be realized, consisting of surface electrodes and microfluidic channels
placed in the vicinity of a polymer waveguide stripe on a glass substrate. Itwas intended to be
used to detect the concentration of bacteria in the suspension, previously collected on the
waveguide surface, by analyzing the scattering pattern of evanescent waves, using a microscope
objective of different magnifications, a CCD camera and image analysis.

In a second application, the aim was to develop a miniature Mach-Zehnder interferometer-
based biosensor, to detect proteins. It can be achieved by using its interferometric measurement
principle, providing the speed, accuracy and specificity required for the detection of such
biological particles. To reach optimal, stable detection with the device, the bias-point
adjustment of the sinusoidal transfer function of the interferometer can be used. To this end, |
wanted to thermo-optically modulate the refractive index of the medium in the proximity of the
waveguide. This can be achieved by applying a direct current (DC) to a gold microheater
structure placed near the reference arm of the interferometer. The device was intended to be
used in a current topic, namely, to study the neuroinvasion of SARS-CoV-2 coronavirus
particles. The medically relevant aspect of this is in connection with the ability of the surface
spike protein (S1 subunit) of this virus to cross biological barriers of the human body. We
wanted to investigate this phenomenon, in collaboration (cell culturing, permeability assay,
ELISA) with the members of Biological Barriers Research Group of our institute, in case of
blood-brain barrier and intestinal barrier models, since both systems are highly exposed to the
infection. For this purpose, permeability assays were planned to be performed. Then, from the
fluids, derived from these assays, the S1 subunit could be detected specifically by two
techniques, with the biosensor and a traditional laboratory assay (ELISA).
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2. Materials and Methods

The integrated optical waveguide-based biosensing applications discussed in this thesis
perform evanescent-field detection. While they are distinct sensor constructions, and differ in
the application, quantification and readout techniques, the methods required to fabricate them
are almost the same. Indeed, both constructions were designed for rapid, selective, and sensitive
detection of analytes of fluid samples. The electro-optical biosensor, however, integrates a
dielectrophoretic technique to increase the sensitivity for size-selective and unspecific detection
of bacteria, while the 10 MZI is designed for specific target-protein sensing. In the following,
first the fabrication of these two devices, the tools and methods used to perform tests for the
measurement of medical diagnostically relevant analytes will be described. Then, regarding the
liquid samples to be detected, the preparation of E. coli bacterial samples used in electro-optical
biosensor measurements will be described.

As one of the focuses of the current dissertation is on the adaptation of the interferometric
optical biosensing approach to determine the passage of the spike protein subunit S1 through
the barrier systems. The related processes are described as parts of the workflow of the
corresponding study (Figure Al) [49]. In this context, the barrier system models that play a key
role in this scientific work, the assay that models the passage of the spike protein across them,
and the alternative traditional detection ELISA technique that quantitatively characterizes it are
also detailed, to give a comprehensive overview of this project. Notably, the related research
activities (described in the 2.4. and 2.5. sections), and the evaluation of the corresponding tests

(see Annex) were carried out by our colleagues of the Biological Barriers Research Group.

2.1. Device designs and fabrication

Both biosensor constructions were built from the same components. On a microscope
coverslip substrate, gold surface microstructures and polymer waveguides were integrated with
a silicon microfluidic channel. Their fabrication procedure was based on a previous process
used in a study of our research group, where an 10 MZI integrated optical biosensor was
realized for E. coli bacteria detection in suspension [37]. However, this protocol has been
improved, and its applied techniques have been expanded. It is important to note that differences
in the construction of each recent device can be found due to their application specificity. As a
pre-fabrication step in the procedure, the layout of the structures and the channels were designed
with CAD/CAM software (Layout Editor, juspertor GmbH, Unterhaching, Germany) originally

used for printed circuit board design. Such patterns of the microstructures (electrodes,
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waveguides, masks) were realized by UV lithography, namely by maskless, direct laser writing
(DLW) technique utilizing a micro pattern generator (uPG-101 machine, A = 375 nm,
Heidelberg Instruments GmbH., Heidelberg, Germany). For this purpose, epoxy-based, UV-
sensitive polymer layers, the so-called ‘photoresists’ or ‘photopolymers’ were used. Two types
of them are known, according to the names used in photographic processes, positive
photoresists when cross-links are disrupted in the layer by illumination, and negative ones when
cross-links are formed. Accordingly, the structuring of these materials followed the

manufacturers protocols.

2.1.1. Gold microstructures

In the case of the two biosensors, the electro-optical and the 10 MZI, gold microstructures
were fabricated on the surface of the glass substrate to perform different tasks.

For the former, it meant dielectrophoretic cell collection on the waveguide surface. Thereby,
these cells could create elementary scattering points through their interaction with the
evanescent waves of light propagating in the waveguide. To realize this, pairs of tilted surface
gold electrodes were designed to provide a non-uniform, inhomogeneous electric field. Thus, a
waveguide could be made in the gap between the tips of the electrodes where the electric field
maxima were located. The layout of this electrode system was inspired by a design previously
used to focus bacteria in a microfluidic channel [59].

For the other, 10 MZI, the thermo-optical bias point setup required the creation of a surface
gold heating wire structure. By applying a direct current to it, a change in refractive index of
the reference arm and its surroundings could be achieved. The structure was positioned so as to
provide a stable function, while leaving enough room for dissipation, avoiding heating of the
measuring arm or the liquid sample. The first application of this biasing technique was tested
for an 10 MZI biosensor, where all-optical switching based on photoexcitation of a protein of
nonlinear optical properties was demonstrated using a waveguide-based interferometer [60].

The preparation of the above-mentioned different gold microstructures on glass substrates
represented the first major step in the construction of both biosensors (Figure A2 for heater in
Annex). In this process, the electrode or heater structure was formed by lift-off lithography. In
the first part of this, the pattern was created in a sacrificial layer, as a mask. First, a 2 um thick
positive photoresist, S1818 (micro resist technology GmbH., Berlin, Germany) layer was
spincoated (3000 RPM, 60 s) on a cleaned 24x50x0.17 mm (width x length x thickness)
coverslip (Menzel-Glaser, Thermo Fisher Scientific, Waltham, Massachusetts, USA). This was

followed by soft-baking (115 °C, 1 min). The layer was then exposed by the above-mentioned
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DLW machine to form the pattern of the desired electrode or heating wire structures. The
sample was then immersed in the developer solution (MICROPOSIT MF-319 solution, Kayaku
Advanced Materials, Inc., Westborough, Massachusetts, USA) corresponding to the
photoresist, followed by washing with deionized (18.2 MQ) MilliQ water (Synergy® UV Water
Purification System, Merck-Millipore, Burlington, Massachusetts, USA) to remove the exposed
parts. Thus, the mask for the gold microstructures was prepared. The next steps in lift-off
lithography were to deposit gold onto the sample by sputtering, directly onto the glass according
to the pattern in the mask layer. In that process, first the mask was repeatedly exposed to UV
light of the i-line of a mercury lamp (Oriel 97,435 UV lamp, A = 365 nm, Newport Corp., Irvine,
California, USA) so that the sacrificial polymer layer could be removed by subsequent
development. It was followed by sputtering, where an adhesion promoter thin (10 nm) Cr layer
was also deposited prior to the homogeneous gold layer. The thickness of this gold layer was
30 nm for the electrode system and 20 nm for the heater wire structure. During the sputtering
under high vacuum (8*10~ 2 mbar), sputtering ions were generated using Ar gas to provide the
deposition.

Once coated, the mask was removed from the sample by subsequent immersion in the
developer solution for a longer period (2 days) as described above. Finally, after washing again
in deionized water (MilliQ) and drying, the coverslip contained gold structures corresponding
to the desired pattern. Thus, a 2 mm long system of 10 um wide electrode pairs with 15 um
adjacent spacing and 10 um gap was prepared for the electro-optical biosensor. For the MZI,
biasing 10 um wide heating wire of about 350 um length with wider outlet sections was realized
(1kQ resistance) [60]. The resulting sample, including gold microstructures on the coverslip,
served as a substrate in the subsequent steps of the device fabrication.

2.1.2. Polymer waveguides

To achieve integrated optical waveguiding, the waveguiding strip structures, for both
biosensors, were made of low-optical-loss negative photoresists with nearly identical refractive
indices (n = 1.591 & n = 1.584 @ 670 nm). These two materials were EpoCore for electro-
optical biosensor, and SU-8 for the 10 MZI structure (EpoCore_2 & SU-8 2002, micro resist
technology GmbH., Berlin, Germany), optically transparent at both visible and
telecommunication near-infrared wavelengths (e.g., 1330 nm and 1550 nm) [61-64]. Their
fabrication differs only in the baking steps. In the case of the two biosensors, the waveguides
made of each material were formed in a layer of 2 um thickness. The width of the strip in the

case of the electro-optical biosensor was 8 um, matching the electrode-pair gap, thus forming
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an MMI structure. That of the 10-MZI was 2 um, achieving single-mode waveguiding for the
interference-based detection, where the length of both arms was 1 cm.

The fabrication process of the waveguide is very similar to that of the sacrificial layer of the
mask used for gold microstructures (Figure A2 in Annex). Due to the narrower structure of
single-mode waveguides, in such cases first a thin (sub-um), negative photoresist adhesion
promoter (Surpass 3000, micro resist technology GmbH, Berlin, Germany) was coated on the
glass substrate, covering with the gold microstructure, by dip coating, following the protocol of
the manufacturer. Afterwards, the microscope coverslip was spincoated (3000 RPM, 60s) with
the current negative photoresist and then baked. This soft-baking was done in one step (95 °C
1 min) for SU-8, while for EpoCore it consisted of several steps, initially at 50 °C for 2 mins
followed by uniform heating and finally at 90 °C for 2 mins. Once the sample had cooled to
room temperature, it was exposed to the pattern according to the designed layout of the different
waveguides using the DLW technigque with UV light. This was followed by post exposure bake,
also consisting of several steps for Epocore, initially at 50 °C 2 mins then uniform heating and
finally 85 °C 3 mins, while for SU-8 this was done in one step (95 °C 2 mins). As soon as the
coverslips had cooled down to room temperature, they were immersed in a developing solution
(90 s), which was the same solution for both photoresists (mr-Dev 600, micro resist technology
GmbH., Berlin, Germany). Thus, after washing with isopropanol and drying, the components
essential for detection of the biosensors were prepared.

2.1.3. Microfluidic channel

To detect target analytes from a low-volume fluid sample, it is necessary to integrate the
device with a microfluidic channel. Thereby, an adequate, continuous flow of the liquid sample
can be achieved, which ensures, for example, in the case of the electro-optical biosensor, the
dielectrophoretic cell-collection, while in the case of the 10 MZI, the specific protein detection.
The process of such channel preparation (Figure5 in Annex) followed a protocol established by
our research team, described in a previous study[37]. The design of the channel system was
originally adapted for MZI, but can be equally applied to these recent biosensing applications.
In the case of such a design, there are two parallel channels separated by 1 cm, made up of a
silicone material, polydimethylsiloxane (PDMS). Each has a 1 cm long, 250 um wide section
that can be applied, while the channel height is 30 um. Such a channel can be prepared using a
soft lithography technique. The first step in the process was the preparation of a mold from SU-
8 negative photoresist capable of creating a structure of the appropriate thickness (SU-8 2015).

As a first step, a layer of photoresist of the desired thickness (30 um) was spincoated (1200
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RPM, 60 s) on a microscope coverslip. This was followed by a soft-bake step (95°C, 300 s).
The resist layer was then exposed to UV light through a photomask (Oriel 97,435 UV lamp, A
~ 365nm, Newport, Corp., Irvine, California, USA). Exposure was followed by post-exposure
bake (95 °C, 5 mins), then development in a solution (5 mins). To finish the preparation of the
master mold, it was washed with isopropanol and then dried. A degassed liquid PDMS
prepolymer in a mixture of 1:10 (Sylgard 184, Dow Corning, Midland, Michigan, USA) was
then poured onto this surface and cured for 30 mins at 80°C. Thus, it formed a silicone stamp.
Then, by peeling off this silicone and cutting holes (with 1 mm diameter) for the channel inlets
and outlets, it became suitable for integration into the device. Therefore, both its surface and
the surface of the microscope coverslip containing the biosensor components was activated with
oxygen plasma with parameters (29.6 W, 400 mTorr, 60 s) (PDC-002, Harrick Plasma). As a
result, the two units could be bonded together covalently to create the corresponding biosensor
device, considering the correct positioning of the channels. To flow the applied fluids in
channels, the sample in a syringe is injected by a pump (SP210IWZ syringe pump, World
Precision Instruments Inc., Sarasota, FL, USA) through silicone tubes to the inlets via pipette
tips attached to them, and the used, waste fluid is removed from the outlets in an analogous way
[37].

2.2. Waveguide surface biofunctionalization

The specific recognition of the S1 subunit of the spike protein by the 10 MZI biosensor was
achieved by the immunological antigen-antibody interaction on the waveguide surface of the
measuring arm, coated with protein-specific antibodies (Figure5 in Annex). During this
process, fluid samples of 1 ml volume were used. First, the channels were cleaned by flowing
ethanol through them. Next, they were filled with antibody activating reagent, stock solution
(Mix&Go™ (AnteoBind™) Biosensor, AnteoTech Ltd., Brisbane, Australia) diluted 1:20 with
MilliQ deionized water and incubated (room temperature, 30 mins). The system was then
washed with standard phosphate-buffer saline (PBS) solution (1x, pH = 7.4). The waveguide
surfaces of the MZI were functionalized with the antibody solution (MonoRab™ SARS-CoV-
2 Neutralizing Antibody (BS-R2B2), monoclonal antibodies, Rabbit, GenScript, Piscataway,
NJ, USA, diluted with 1XPBS at a final concentration of 5 pg/ml) and incubated overnight (4
°C). Prior to measurements, both the washing of unbound antibodies and the local refractive
index matching of both MZI arms vicinity were performed by flowing the buffer solution (0.1%
bovine serum albumin (BSA)-Ringer—HEPES (RH) buffer (150 mM of NaCl, 5.2 mM of KClI,
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2.2 mM of CaCI2:2H20, 0.2 mM of MgCl12-6H20, 6 mM of NaHCO3, 2.8 mM of D-glucose,
5 mM of HEPES, pH = 7.4)) in the microfluidic channel system.

2.3. Preparation of fluid samples containing Escherichia coli bacteria

The detection concept, optimization and performance of the electro-optical biosensor were
tested with cultured suspensions containing different concentrations of live E. coli bacterial
cells (non-virulent Dh5a strain). Initially, a single culture of cells were pipetted from initial
bacterial cultures, grown, and stored (4 °C) on agar plates, into growth media (lysogeny broth,
LB) of 3 ml in sterile polystyrene tubes then left overnight in a shaker incubator (30 °C). The
next day, the cell cultures were backdiluted (100x, 3 ml of LB medium) and incubated again
until reaching the growth phase of their reproduction curve (ODes00=0.4). This was followed by
the preparation of bacterial suspensions. The low conductivity of the sample, relevant for
dielectrophoretic (pDEP) cell collection, was achieved by diluting the cell culture with a master
dilution solution (1:9) in an Eppendorf tube (1.5 ml). The master dilution solution was prepared
considering the maintenance of cell viability during the measurements. The concentration of
bacteria in the undiluted bacterial culture fluid sample was determined (CFU/ml values) by
plate counting technique. Prior to measurements, a serial dilution was made with the master
dilution solution in the desired cell concentration range.

An artificial urine sample containing a mixture of living somatic and bacterial cells was also
used to test the selectivity of the DEP-based cell collection technique and the practical
application of the electro-optical biosensor. The suspension preparation procedure was the same
as mentioned above. Here, negative artificial urine (pH = 5.94) was used instead of LB in the
master dilution solution with the same ratio (1:9). The preparation of the artificial urine was
carried out by modifying the base solution of the protocol of ‘CaseA’, described in a study [65]
(2:1 mixture of 1.3609 g KH2PO4 (0.1 M) dissolved in 100 ml MilliQ water and 2.2823 g
K2HPO4 (0.1 M) dissolved in 100 ml MilliQ water). For the preparation of the cell mixture,
endothelial cells (hCMEC/D3, Human Cerebral Microvascular Endothelial Cell Line), grown
in an incubator and backdiluted, were added to the E. coli cell culture. Prevention of endothelial
cell aggregation in the measurement cell mixture was achieved by the addition of Tween-20
(7.5 mg to 150 ml solution).

2.4. In vitro human biological barrier cell culture models

As it was mentioned, the integrated optical interferometric biosensor was developed to

ascertain the ability of the S1 subunit of the SARS-COV-2 spike protein to cross two human
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tissue barriers exposed to infection. Human models of these biological systems included in vitro
BBB co-cultures (human endothelial cells and pericytes) and intestinal epithelial cell (Caco-2)

cultures.

2.4.1. Blood-brain barrier

In accordance with previous studies [66,67]), cell culture of the BBB model consisted of two
cell types, human umbilical cord stem cell-derived endothelial cells (hECs) and bovine brain
pericytes (PCs). Both cell types were cultured in a corresponding supplemented medium in
0.2% gelatin (Sigma, part of the Merck Group, Darmstadt, Germany)-coated dishes (Corning
Costar; Corning, NY, USA). Therefore, the hECs endothelial culture medium (ScienCell,
Carlsbad, CA, USA) also contained 5% fetal bovine serum (FBS; Sigma), 1% endothelial cell
growth supplement (ECGS, ScienCell) and gentamycin (Sigma, 50 pg/ml). While the PC cell
culturing was performed in Dulbecco’s modified Eagle's medium (DMEM, Life Technologies,
Thermo Fisher Scientific, Waltham, MA, USA) with 20% FBS (Sigma), 1% Glutamax (Life
Technologies Co., Carlsbad, CA, USA) and gentamicin (50 ug/mL). Trypsinization followed
to round up both cells once they reached confluency. As soon as this occurred the trypsin was
removed, and the cells were collected in hEC culture medium and counted. BBB co-culturing
and assemble was performed in cell culture inserts (Millicell Millipore, MCSP24H48, PET, 3
pum pore size, 24-well format). In these, both sides of the porous membrane were treated. The
upper compartment, the apical side, was coated with a 1:48 ratio of growth factor-reduced
Matrigel (Corning) in DMEM (1 h, room temperature), while the lower compartment, the
basolateral side, with 0.2% gelatin (20 min, 37 °C). The inserts were then dried and inoculated
with cells. This was initially performed by PCs (5 x 103 cells/insert) to the bottom of the inserts.
The inserts were turned into a 24-well plate (Greiner, Kremsmiinster, Austria) after adhesion
of these cells. hECs (1.3 x 10* cells/insert) were then seeded into the upper compartment.
Finally, they were fed every two days during co-culturing (4 days).

hECs were derived from the blood sample, which procedure was approved by the French
Ministry of Higher Education and Research (CODECOH Number DC2011-1321). The study
was performed according to the World Medical Association Declaration of Helsinki with the
informed parental consent of the infants (Béthune Maternity Hospital, Béthune, France). The
sample containing hECs was received via passage 5 and the dishes were subsequently used with

passage number 7.
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2.4.2. Intestinal barrier

The other biological barrier prone to be affected by the coronavirus infection is formed by
epithelial cells in the host's intestinal tract. The in vitro model of this was realized by using cells
from human CaCo-2 epithelial cell line (ATCC cat. No. HTB-37; Manassas, VA, USA). Here,
the cell culture medium of DMEM and stable glutamine (Life Technologies) was supplemented
with 10% FBS (PANBiotech GmbH, Aidenbach, Germany) and gentamycin (50 pg/ml). CaCo-
2 cells (3 x 10* Caco-2 cells/insert) were seeded into model cell culture inserts of the same type
as above (2.4.1. section), where each culture surface was pre-coated with 0.05 % collagen I in
sterile distilled water. These cells were left to grow in the inserts for an extended period of 12

days, with feeding at two days intervals.

2.4.3. Barrier integrity measurements

In in vitro cell culture models, the process of barrier formation was monitored prior to
medium exchange. The trans-endothelial/epithelial electrical resistance (TEER) parameter is
suitable for this purpose, which was measured in these cell culture models every two days
during this period using an EVOM Volt/Ohm Meter with a 24-well plate chamber setup
(ENDOHM-6G; World Precision Instruments, Sarasota, FL, USA). To eliminate fluctuations
due to temperature changes, the cell plates were placed on a heating pad at 37°C. The TEER
values (Q x cm?) were calculated using a method described previously [68]. This involved
subtracting the background, the values of the cell-free inserts (60 Q x cm?), proportional to the
surface area of the cell cultures (0.33 cm?), and then correcting the resulting values for the shunt

resistance of the inserts.

2.5. Verification and determination of spike protein S1 subunit capability

of barrier model penetration

2.5.1. Permeability assays

The passage of the SARS-COV-2 spike protein S1 subunits across both barrier cell cultures
(described in sections 2.4.1 and 2.4.2) follows the path of the proteins in the buffer solution
(0.1% BSA-RH, detailed in section 2.2) from the top to the bottom compartments of the cell
culture inserts. All the used surfaces were preincubated with BSA with this buffer prior to the
measurements to prevent spike protein adhesion, including used low-bind pipette tips, internal
plastic surfaces of the inserts, microcentrifuge tubes and plate wells. Assays could be started
with cells from the two cell cultures once their TEER values reached the desired value, which
was 34.6 = 1.9 Q x cm? for BBB and 367.76 + 36.8 Q x cm? for the intestinal one. At the
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beginning of the permeability assays, spike protein subunit S1 proteins in buffer (200 ug/ml,
70 ul) were inserted in the top compartment of these inserts, while the bottom compartment
was filled with low-bind pipette buffer (530 ul). To ensure the minimization of unstirred water
layer on the cell layers during the process (30 mins), the assays were performed on horizontal
shakers (150 RPM, Biosan, Riga, Latvia). Finally, TEER values were determined on the inserts
after the assays, which were used for the proper interpretation of the results obtained by the
optical biosensing and ELISA approaches. Control permeability assays were also performed.
In the case of negative control, buffer, lacking the target spike S1 protein, was added to the cell
culture system in the inserts. In positive control assays, the spike protein sample of the buffer,
at initial protein concentration, was passed through cell culture-free inserts from the upper to
the lower compartment and subsequently detected. To confirm the barrier integrity, buffer

containing fluorescent markers was added to the cells in the negative control setup.

2.5.2. ELISA

The main method for the determination of the spike protein S1 subunit passage through BBB
and intestinal barrier was the interferometric optical biosensing approach (section 2.6.2).
However, a traditional indirect ELISA was also performed at room temperature for this purpose,
following the process, described in a previous publication [69]. First, pretreatment of Nunc
MaxiSorp flat-bottom plates (Life Technologies) was required, which was carried out with 10%
AnteoBind Biosensor solution (AnteoTech) for 30 min. Next, the solution was washed with a
wash buffer (tris-buffered saline (TBS) buffer and BSA, 10 mM TRIS-HCI, 150 mM NaCl and
0.5% BSA at pH = 7.4), used as a standard solution in the process between incubation steps. A
dilution series from the SARS-CoV-2 spike protein stock solution, as well as samples from
spike protein treated and control inserts from the lower compartment of the wells in triplicates
(50 pl/well) were also added to the plates. This was followed by incubation of the latter samples
at 4°C overnight, unlike the default room temperature. Dilution was performed in carbonate
buffer (45.3 mM of NaHCOs3 and 18.2 mM of Na>COz in distilled water, pH = 9.6) at a protein
concentration of 0-20 ug/ml. The next day, the blocking of the wells was achieved with 1%
BSA-5% normal goat serum in TBS buffer for 2 hours. This was followed by the binding of the
target protein to the primary antibody (MonoRab SARS-CoV-2 Neutralizing Antibody (BS-
R2B2), 1 pg/ml, Genscript, A02051) after incubation (2h), and then secondary, biotin
conjugated goat anti-rabbit antibody (0.3 pg/ml, Vector Laboratories Ltd., Burlingame, CA,
USA, antibody ID: AB_2313606) was bound to this complex after 1 hour of incubation. The

binding and hence protein detection was performed with extravidin peroxidase (0.5 pg/ml,
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Vector Laboratories Ltd.). During this process, each well was loaded with this reagent for 30
min. Then, a substrate solution was added to the volume of each well (100 ul/well). For the
preparation of this solution, ELISA substrate tablets containing o-phenylenediamine
dihydrochloride (Life Technologies) were dissolved in 10 ml citrate buffer (63 mM NaHPO4-
2H0, 26.6 mM citric acid in distilled water, pH = 6) to which 3% H20> solution (25 pl) was
added. After the addition of the substrate solution, a yellow color was formed within 10 min in
the reaction, which was then stopped by adding 4 M H2SO4 (50 pl/well). A multi-well plate
reader (Fluostar Optima, BMG Labtech, Ortenberg, Germany) was then used to detect this color
change based on light absorbance at 492 nm. After the processing of the results obtained, the
concentration of the spike protein subunit S1 was determined from the calibration curve of the

dilution series.

2.6. Optical biosensing experimental setups

For the measurements with the integrated optical biosensor systems, the particular sensor
was placed on a motorized stage with a micropositioner (DC-3K, Mérzhduser Wetzlar GmbH
& Co. KG, Germany) of an inverted microscope (Zeiss Axiovert 200, Jena, Germany). A CCD
camera was connected to this system and to a personal computer to monitor the ongoing
processes. The continuous flow of the samples was provided by the microfluidic apparatus, the
same way as it was done for the functionalization step of the 10 MZI biosensor (for more details
see section 2.1.3.). In case of both sensors, electric wires were connected to outlet contact pads
of the surface gold microstructures (microheater or electrode system) by droplets of conducting
epoxy (CW2400 CircuitWorks® Conductive Epoxy, Chemtronics, Kennesaw, GA, USA),
through which the external electric field could be applied. Regarding the optical connections of
the waveguides for both biosensors, red light of a laser diode, at a corresponding wavelength,
was transmitted between elements of the optical system by single-mode optical fibers (S630-
HP, Thorlabs). In this context, the light-coupling was performed based on end-coupling
technique. This process was carried out using the instrumentation and procedure detailed in a
previous publication of our research group [37].

As a first step in the light-coupling process, proper facets of the waveguides input and output
were realized by cleaving the microscope coverslip sensor substrate, with the waveguide on it,
with a diamond cutter (S90W, Thorlabs Inc.) at the proper positions. Next, the substrate was
attached to a microscope slide by an optical adhesive (NOA-81, Norland Products Inc., USA)
and then glued by exposing this adhesive by the UV light of a mercury arc lamp (100w, HBO
100 Zeiss, Jena, Germany). The light-coupling was performed by coupling the measuring red
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light to one end of the above-mentioned optical fiber, and then positioning its other end to the
corresponding facet of the waveguide (inlet or outlet). For this purpose, the micropositioner of
the microscope setup was used. When the optimal position was reached, it was fixed with a
photopolymer adhesive (OP-66-LS, Dymax Europe GmbH, Germany). Consequently, the
ready-to-use version of the corresponding biosensor device was realized [33,37,70].

Due to the difference in the measurement concepts of the two biosensors, different
instrumentation was used in their experimental setups (Figure 6), in connection with the

detection and the application of the surface gold microstructures.
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Figure 6. Experimental setups of the developed biosensors, the electro-optical (a) and the integrated optical Mach-Zehnder
interferometer (MZI) (b) devices. During the measurements the corresponding device was placed on a motorized stage of an
inverted microscope, where it was monitored with a CCD camera. The fluid sample was pumped through the PDMS
microfluidic channel-system of the corresponding biosensor, where silicone tubes were used. The measuring red light of a
laserdiode was transmitted between the light source, the waveguide structure of the corresponding biosensor, and the
photodetector with single-mode optical fibers. In case of the electro-optical biosensor (a) the signal of a function generator,
triggered by a shutter driver, provided the alternating electric field for the electrodes. For the MZI biosensor (b), to perform the
thermo-optical biasing, direct current of a power supply was added to the microheater structure.

The figure was created with Biorender.com.

2.6.1. Integrated electro-optical biosensor

In case of the detection concept of the electro-optical sensor, the CCD camera was also
employed to acquire the scattered-light intensity images, which were the basis for the detection
of the target bacteria. In this case, the red light of a laser diode (670 nm) was used. In this
application the DEP-based cell collection played a crucial role. It was achieved by applying

sinusoidal alternating (AC) electric field of different frequencies to the electrodes, utilizing the
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signal of a function generator (20 MHz model 8020, Tabor Electronics). For triggering a square
wave signal (1.4 s ‘ON’ and 3.0 s ‘OFF’) from a timer (Uniblitz VS14S2ZM1R1-21, Vincent
Associates) was used.[33].

2.6.2. 10 MZI biosensor

During the interferometric detection, the light at the output of the interferometer was
transmitted to a photomultiplier (H5783-01, Hamamatsu). Its signal was then delivered to and
recorded by an oscilloscope (LeCroy 9310-L, LeCroy). For measuring light, visible red light of
a laser diode (658 nm, 100 mW, RLT650-100MGS, Roithner Lasertechnik GmbH, Vienna,
Austria) was used. To perform optimal, stable measurements with the interferometer, its bias
point was needed to be adjusted, which could drift easily due to, e.g., differences in the
structures of the waveguides, or in the light-coupling. For this purpose, thermo-optical biasing
can be applied, which technique has been widely studied and utilized for 10 MZI structures
[26,27]. The first step in the process was to adjust the thermoelectric effect of the microheater
prior to the measurements. At this point, the phase change and the resulting modified signal
level were set for a given DC voltage. To achieve this effect, namely, to adjust the sensor
response signal to the inflection point on the transmission function, the voltage of the heating
wire was varied between 0-4.6 V. The DC electric field on the surface gold microheater
structure was provided by a DC power supply (VLP 2403pro, Conrad Electronic, Hirschau,
Germany) [49,70].

2.7. Data analysis and statistics

MATLAB software (versions of 2017b and then 2020b, MathWorks, Natick, MA, USA)
was used to analyze the results of experiments with both integrated optical biosensor devices
and to potentially visualize them. In these cases, the image processing toolbox functions: corr2()
and immse() were applied. This software was also used to study and compare the scattered light
intensity images of the electro-optical measurement concept [33,49].

In permeability assays and ELISAs used to study the passage of spike protein through barrier
models (more details in section 2.5.), the measured data were plotted and analyzed by our
colleagues using Excel (Microsoft, Redmond, WA, USA) and GraphPad Prism 5.0 softwares
(GraphPad, San Diego, CA, USA). These results were shown as means = SEM wherever it was
relevant [49].

All the experiments, related to these two applications of different integrated optical

biosensing approaches, were repeated at least twice [33,49].
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3. Results and discussion

3.1. Electro-optical biosensor for bacteria detection

3.1.1. Dielectrophoretic cell collecting

To increase the sensitivity of bacterium detection by the electro-optical biosensor, DEP-
based cell collection was performed. This technique was optimized prior to detection, with a
construction consisting of thin-film surface-electrode pairs placed in the microfluidic channel.
Initially, the pDEP-based particle collection capability and size-dependent selectivity (Eq.3) of
this electrode system were studied in case of microbeads. For this purpose, MilliQ deionized
water suspensions of the mixture of polystyrene microbeads of different diameters (1 pum, 9
um) was used. During these experiments, the liquid sample was flowed through the channel at
a rate of 5 ul/min while the current of a high AC electric (30 V peak-to-peak amplitude (Vp-p),
5 MHz) field was applied. These parameters, together with the low ionic strength of the applied
liquid medium, assured that the desired positive dielectrophoretic collection could be achieved
for these target particles. The obtained results demonstrated the usability of this method. Thus,
a size-dependent, selective particle collection (Eq.7.) was achieved for polystyrene beads. In
this case, beads with the desired diameter of 1 pm were moved to the surface of the gap between
the electrodes, while the movement of the 9-um beads was not affected by the applied electric
field in the suspension of the mixture of beads of different diameters.

Based on the promising findings of these measurements, the next step was to collect the
target bacterial cells, instead of polystyrene beads, from samples diluted with deionized water.
Here, the difference in dielectric properties between non-virulent, live Escherichia coli cells
and microbeads was needed to be considered. The experimental protocol followed the above-
mentioned one, used in case of polystyrene beads. Different dilutions of bacterial suspensions
were used to evaluate the performance of the cell-collection electrode system. During the
process, the E. coli bacterial suspension was pumped through the channels at a flow rate of 5
ul/min, while using an alternating electric field for collecting the cells. As a first, general
approach (used, e.g., for the optimization of the experimental parameters, see 3.1.2. section),
bacteria were collected for 30 minutes by this technique. Nonetheless, subsequent studies were
also carried out to further optimize, and reduce this period (for more details see 3.1.3. section).
The cell-collection capability of the electrode system was tested with a bacterial suspension at
a concentration of 106 CFU/mI. An efficient cell collection was observed in the flowing fluid

sample, shortly after the application of the AC electric field. This was followed by experiments
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with various further dilutions of E. coli samples (for further details, see calibration studies in
3.1.3. section). Even with a dilute bacterial suspension at a concentration of 10* CFU/ml, a high
proportion of the cells were collected. Therefore, samples corresponding to this lower
concentration were subsequently used in some steps of the optical detection process. For
example, quantitative measurements were performed with such samples to optimize the crucial
parameters of the detection system. This includes the selection of the applicable magnification
and the frequency of the applied AC electric field.

3.1.2. Optimization of detection based on scattered evanescent waves

The dielectrophoretically captured bacteria were detected after the cell-collection step,
based on the evanescent waves scattered on them. In this process, the alternating electric field
was switched off (‘OFF state’) and then on (‘ON state”) periodically to modify the adhesion
contact between the waveguide surface and the target cells. For this purpose, short, 1.4 s-long
pulses were given with 3 s-long pauses to the AC field, applied to the electrodes. This resulted
in a pattern change in the scattered light intensity images, which was recorded and analyzed,
providing the basis for detection. Microscopic observations revealed that these differences were
correlated, and they were associated with the movement of the bacteria caused by the switching
of the alternating electric field. Here, it is important to note that several factors contributed to
the successful bacteria detection. Firstly, appropriate pulse-timings were chosen so that the
electric field offsets did not result the escape of the collected bacteria from the detection space.
On the other hand, during these experiments, the fluid sample contained only bacteria (except
the pilot test for selective bacteria detection, where somatic cells were also included (section
3.1.4.)). This technique (Figure 7) provided the basis for quantitative detection of bacterium
cells with the device. To achieve this, the measurement process was followed by image
acquisition from the same cross-section of the biosensor. During this step, image pairs were
captured at different states of the system (OFF and ON). Considering the above-mentioned
approaches, with a general cell collection time of 30 minutes, the total detection took around
40 minutes. Using this technique, image processing methods were applied to obtain quantitative
results. For this purpose, variables were calculated to characterize the similarities and
differences between patterns of scattered light intensity images registered in different states of
the system. In this context, correlation and mean square error (MSE) values were found to be
good candidates. Thus, these were calculated for each pair of captured images to describe the
similarities between them in a script and a function, written in MATLAB2017b. The same

calculations were performed to determine whether the scattered light intensity patterns changed
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significantly between the OFF and ON conditions, using different images captured in the same
state of the biosensor system, which images served as a control group. After describing the
detection and analysis techniques, in the following, the different optimization tests are detailed.
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Figure 7. The detailed scheme of the electro-optical biosensor operation principle. The quantitative measurement is based on
the analysis of the scattered evanescent wave intensity images, recorded during the switching of the inhomogeneous alternating
electric field, inducing bacteria movement. Thus, a difference in the scattered image patterns is achieved, which can be used
for image processing-based detection. The figure was created with BioRender.com.

Generally, the measurements were performed by microscopic observation of the system with
an objective of 20x magnification. However, further tests were carried out to determine the
applicable resolution at which the difference in the patterns of the recorded scattered light
images could still be considered significant. For this purpose, these images were captured and
analyzed using different magnification objectives (x4.7, x10, x20) (Figure 8). For
demonstration purposes, the test sample was a diluted (10* CFU/ml) bacterial suspension,
resulting in a large scattered light intensity pattern difference during detection. Analytical
results of these images (number of image pairs: n = 5-12) showed that compared to the within-
control group differences (Figure 9: ‘Group’), there were significant between-group differences
(Figure 9: ‘Pairwise’) in MSE values for image pairs (OFF-ON images) (Figure 9a-b).
Furthermore, this high MSE value fluctuation was also maintained for images acquired with
objectives of less magnification (x4,7, x10) (Figure 9a).

As a further optimization test of the electro-optical biosensor, the frequency selection of the
alternating electric field applied in the pDEP-based cell collection process was examined to
maximize the number of captured bacteria and thus the sensitivity. Therefore, to select the ideal
frequency, experiments with its variation were performed, in the range between 100 kHz and 5
MHz, relevant for bacterial pDEP collection. In this study, using the quantitative image
processing protocol (number of image pairs: n = 5-12), the frequency of 5 MHz gave the best
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results for this purpose, which finding supported the sensitivity of the detection (Figure 9b).
Consequently, cell collection in subsequent studies was performed with the applied electric
field at this particular frequency (30 Vp.p, 5 MHz, sinusoidal signal).
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Figure 8. Captured scattered light intensity images during the optimization process, providing the basis of the quantitative
measurements. After the cell-collecting step (10* CFU/ml E. coli suspension), images were taken at the corresponding state of
the system during the electric field switch ('ON' state with applied AC field and 'OFF' state without it). For detection, objectives
of different magnifications (x20 (a), x10 (b), and x4.7 (c)) were used. The scattered light intensity patterns of ON state images

were then compared to that of the OFF ones by image processing, resulting an intensity difference ('DIFF').
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Figure 9. Quantitative results of the bacteria detection. Image analysis of the optimization processes: applicable objective
magnifications (a) and AC frequencies (b) at a given E. coli concentration (10* CFU/ml). Image similarities for between-group
values of image pairs as ‘Pairwise’, and for in-group values of image pairs as ‘Group’ were evaluated at the corresponding
states (OFF - ON) of the system with the applied AC field (30 V-, 5 MHZz), at the same region of the system (n = 5-12). For
quantification, the statistical value of mean-squared errors (MSE) was used for comparing the scattering patterns (x20

objective). The frequency optimization was performed with AC signal of 30 V-, amplitude and 0.1-5 MHz frequency range.
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3.1.3. Detection limit of the electro-optical biosensor

Given the optimized measurement parameters (x20 objective, 30 Vp.p, 5 MHz, sinusoidal
AC electric field), tests were performed to estimate the detection limit of the biosensor device.
To this end, a dilution series of suspensions containing bacterial cells at a concentration of 10%-
108 CFU/ml was prepared. In parallel, further studies were also performed , using these samples,
so as to determine a reduced cell-collection time for DEP, compared to the standard case of 30
mins, for which the most efficient detection of cells could be achieved. Consequently, scattered
light intensity images were acquired for all bacterial suspensions in the dilution series. For this
purpose, the cell collection times were: reference as 0 (n =5), 1 (n = 10), 3 (h =6-10), 10 (h =
19-20) and 30 (n = 20) minutes prior to optical detection. The obtained images were analyzed,
and MSE image similarity values were calculated. This calculation was performed for each pair
of images (‘OFF’ and ‘ON” state) in connection with different states of the system (‘Pairwise’)
showing between-group variation, and for each pair of group images related to a certain state
of the system (only ‘OFF’ or only ‘ON’) indicating within-group variation (‘Group’). A
minimal cell-collection time of 10 min was estimated based on image processing results
obtained during cell collection kinetic studies. Accordingly, this cell collection time was also
used in the detection limit studies for the serially diluted bacterial samples.

In these measurements, the image processing results obtained for each suspension (n = 19-
20) clearly indicated a significant difference between the MSE values of the ‘Pairwise’ images
and the ‘Group’ images, even at the lowest bacterial concentration of 102 CFU/ml (Figure 10a).
This MSE-value difference is indicative of the number of the collected bacteria. Consequently,
the calibration of the biosensor could be achieved based on the parameter of mean MSE value
difference (the difference between the ‘Pairwise’ and ‘Group’ means).The experiments were
performed on the same biosensor for all bacterial suspensions, so that scattered light intensity
images (n = 19-20) were recorded in both states of the system (‘OFF’ and *ON’) as a first step
of the measurement process with a given device without cell collection (0 min cell-collection).
Thus, a reference MSE value was determined (based on reference ‘Pairwise’ and ‘Group’
images) and used for calibration. Subsequently, this reference value was subtracted from each
MSE value difference (Figure 10b). Finally, the calibration function could be determined by
fitting a power-law function (multiplicative factor: 0.6152, exponent: 0.2228) to the obtained
MSE difference values. It showed a good fit (R? = 0.91), thus it could be considered as a suitable
curve for the calibration of the biosensor (Figure 10c).
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Figure 10. Results of the detection limit and calibration experiments. Image similarities for between-group values of image
pairs as 'Pairwise', and for in-group values of image pairs as 'Group' were evaluated at the corresponding states (OFF - ON) of
the system with the applied AC field of 30 V,-,and 5 MHz, at its same region (n = 19-20, x20 objective). For the experiments
images (n = 19-20) were taken in case of each sample of the serial diluted bacteria suspension (102 — 108 CFU/ml). As a
quantitative descriptor of the image differences, mean-squared error (MSE) values between the scattering patterns were used
(a). (b) MSE values difference (mean+standard deviation) between 'Pairwise' and 'Group' images were calculated, which can
be considered significant for the most diluted bacteria sample (10?2 CFU/ml), defining the detection limit of this novel biosensing
method. Calibration curve could be defined by fitting a power-law function to the data (R? = 0.91). (c) Log-log representation
of (b), showing the goodness of the calibration curve fit.

3.1.4. Experiments with artificial urine containing somatic cells

The practical applicability of the DEP-based bacterium cell collection method was also
tested in a medium modeling inflammatory urine infected with bacteria, and containing other
somatic cell types, too. Therefore, the focus of this pilot study was on the selectivity of the cell
collection procedure, where the system also contained the waveguide structure. For these
measurements, artificial urine containing a mixture of E. coli (10* CFU/ml) and hCMEC/D3
endothelial cell suspensions was used. Also in these experiments, the alternating electric field
was applied with the parameters mentioned above (30 Vy.p, 5 MHZz). At the beginning of the
process, the influence of the dielectrophoresis generated by the applied field on individual cells
was investigated. Meanwhile, the fluid sample was pumped through the microfluidic channel
at a slower flow rate of 0.1 pl/min over a few-minutes period. During this test, the effect
occurred as expected. It was observed that the dielectrophoresis, due to its size and frequency
dependence, had distinct effects on cells of different sizes for the selected frequency and ionic
strength. Bacteria (~2 pm) were collected on the electrode surfaces, while endothelial cells (~10

um) were repelled. In the second phase of the test, selective bacteria collection was performed
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from this cell-mixture sample. At this time, a relatively higher flow rate of 3 pl/min was used.
During the process, only bacterial cells were captured in large numbers at the end of the
electrodes on the surface of the waveguides, whereas no endothelial cells were observed. The
results of the pilot test demonstrated the ability of size-dependent selection of this DEP-based

cell-collection method, whereby bacteria were collected in the detection region of the biosensor.

3.2. 10 MZI biosensor for the detection of SARS-COV-2 spike protein

(S1) permeability across in vitro human biological barrier models

The integrated optical biosensor was developed to ascertain the passage of the SARS-CoV-
2 spike protein S1 subunit through a human brain endothelial cell culture BBB model [49]. The
scientific topic of the passage of the virus and its subunits across biological barriers is a very
actual and intensively researched topic in the context of the virus. Accordingly, the related
research has not focused on the mechanism of virus or virus protein crossing the barrier systems,
as this has been previously investigated. In BBB, spike protein treatment has previously been
shown to alter barrier integrity and induce endothelial cell activation [71,72]. Nevertheless, the
short-term spike protein S1 subunit treatment, detailed here, did not alter the resistance of the
BBB model in the assays [49].

It was recently found that SARS-CoV-2 transcellularly crosses mouse and hamster primary
brain endothelial cell-culture models without altering the expression of tight junctions [73]. It
was suggested that the S1 subunit in mice passes through the BBB via adsorption-mediated
transcytosis [47]. Additionally, for brain uptake in mice, ACE2 receptors were also shown to
be important [47]. Previously, our colleagues found that only very low levels of ACE2 were
expressed by the hECs in the present model [66,67].

As COVID-19 is also associated with gastrointestinal symptoms, a gut barrier culture system
was implemented in the experimental setup. Therefore, as it was shown previously, Caco-2
cells express ACE2 receptor, thus providing a suitable model for studying spike protein with
this biological barrier system [74]. Regarding TEER, it was found that its value was not altered

after short-term treatment with spike protein in this epithelial model.

3.2.1. Thermo-optical bias-point adjustment

Thermo-optical bias-point tuning was applied to the Mach-Zehnder interferometer, based on
a process first used and described in detail in a previous study of our research group [60]. This
involved the initial investigation of the sinusoidal transfer function of the MZI. Then the voltage

applied to the heating wire was steadily increased from 0 V to 4.6 V, while the light intensity



40

of the interferometer output was measured at the wavelength of the incident light. This was 633
nm for initial trials and 532 nm for practical measurements in the reported study [60]. In
contrast, the current viral protein detection was carried out at the wavelength of 670 nm. As a
result, in the above-mentioned process, a heating voltage of 0-4.6V at a wavelength of 532nm
was able to tune the working point for the whole period of the output signal (Figure 11). In this
technique, the heating causes a change in the local temperature of the waveguide environment,
which leads to a modulation of the output light intensity by shifting the phase of the light
propagating in the reference arm of the MZI (described in detail in section 1.2.3. of the
introduction). The sensitivity of the interferometer is proportional to the first derivative of its
sinusoidal transfer function, so that it is smaller at the extremes and largest at the inflection
point. Thus, the offset voltage can be used to artificially set the output to the average light-level
(‘zero-intensity points’ in Figure 11) prior to the measurements, where the derivative is largest,
and hence the sensitivity, too. The power output of the heater can be then fine-tuned by setting
this bias point to one of the points of maximum sensitivity. In addition to artificial heating,
changes in the environmental conditions (such as temperature and humidity) can also cause
baseline drift, the effects of which will result in a decrease in the responsivity of the detection.
However, the bias-point adjustment can compensate for these. With applying appropriate direct
current and taking the environmental parameters into account, the baseline drift can be kept to
negligible levels during the protein detection time (on the scale of a few minutes). Hence, results

obtained with such devices of slightly different sensitivity could be compared [49].
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Figure 11. 10 MZI response, showing its transmission function during thermo-optical biasing prior to each experiment. The
output signal was recorded by a 532 nm probe light, while the bias point was adjusted to the zero level. In the process, heating
voltage was increased steadily from 0 to 4.6 V. In case of viral protein detection (at 670 nm wavelength measuring light) 1-1.5

V was applied to the microheater for biasing, typically.
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3.2.2. Measurements with the optical biosensor

The microchannels were first filled with a buffer solution (30 pl/min) prior to the
measurements. Meanwhile the operating point of the integrated optical MZI was adjusted by
applying adirect current to the heating wire as a starting point. Then, the measurements were
performed by flowing the target protein solutions through the microchannel of the
interferometer (3 pl/min). For this purpose, the upper or lower arm of the MZI1 was used, while
the other remained intact as a reference. By using two distinct arms for measuring, the output
signal of the biased interferometer varied with a different sign, so that the results obtained with
different measurements were evaluated with the same positive sign (Figure 12). As an initial
step of the measurements, two control samples with specific spike protein concentrations (2 and
20 pg/ml in 0.1% BSA-RH buffer, Figure 12) were used to calibrate the corresponding
biosensor. Subsequently, the detection of the S1 subunit of the target spike protein (Figure 12)
was performed from fluid samples obtained from the lower insert compartments of the
permeability assays for both cell culture models (BBB co-culture and Caco-2 cell culture).
Additional permeability-assay control samples were also measured, such as protein-free buffer
solution (‘0.1% BSA-RH’ on Figure 12) for the Caco-2 model as a negative control, and the
sample from cell-free inserts (‘empty control’ on Figure 12) for the BBB model, containing

spike proteins at the initial concentration, as a positive control.
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Figure 12. Integrated optical MZI biosensing results of barrier-crossed spike S1 amounts for BBB (a) and Caco-2 monolayer
(b). For device calibration, samples of different protein concentrations (2 and 20 pg/mL) were used. While signals were also
detected in case of control samples: for positive control samples (BBB model), obtained for cell-free cell culture inserts (‘'empty

control'); and for negative control samples (Caco-2 model) from buffer (0.1% BSA-RH).
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The negative-control buffer solution (Figure 12b: 0.1% BSA-RH), containing no target protein,
resulted background signals as it did not cause a significant change in the output intensity.
While for the positive control, cell-free cell-culture inserts (Figure 12a: ‘empty control’)
achieved high peak amplitudes. This proved to be similar to that of the more concentrated
calibration sample (20 ug/ml). The calibration samples with the above-mentioned protein
concentrations of 20 and 2 pug/ml gave comparable signals with the samples derived from the
permeability assays (Figure 12b). In contrast, however, the two barrier models showed different
evaluated protein concentrations of the target solutions. Namely, in the case of the BBB model,
the biosensor signal was close to that of the 2 pug/ml calibration solution. Meanwhile, in the
case of Caco-2 cells, it was lower.

As shown in Figure 12, the spike-protein concentration in the buffer, derived from the basal
side of the blood-brain barrier model, was estimated to be 2 pg/ml. However, for the Caco-2
model, this concentration was lower. To estimate the accurate spike protein concentration from
fluid samples, an assumption was made. Namely, the response function of the biosensor follows
the Freundlich isotherm, an equation typical for a wide range of physical adsorption processes

from solutions [75]:

1
logmy,y = K + <E>—logC (Eq.9.)

where maq is the relative adsorbed mass, and C is the bulk concentration of the analyte,
whereas constant K and n are given at the corresponding temperature. Based on the measured
calibration curves at the preset concentrations, K = 0,3653 and n = 3,3219. Meanwhile the
values of mag and C are expressed in the units shown in Figure 12. Consequently, the
concentration of the S1 spike protein subunit passing the intestinal barrier (Caco-2 cells) was
found to be approximately 0.5 pg/ml using these calibration values. Such an observed reduced
passage of spike protein subunit S1 in the case of the Caco-2 cell model could be attributed to
either tighter connections between the cells indicated by the higher basal TEER values, or to
different receptor expression and alternative passage pathways in epithelial cells.

The spike protein concentration values obtained by optical biosensing in the fluid samples
derived from the permeability assay, corroborate the results obtained by ELISA (see Annex).
Consequently, label-free, specific, sensitive detection of spike protein passage through barrier
systems was achieved in a measurement time of only a few minutes. Furthermore, this 10 MZI
biosensor has the inherent portability and can be prepared in a cost-effective manner, which

also facilitates its use as a POC testing tool for early, effective detection of the virus, or related
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proteins. The practical usability of this optical biosensing approach is demonstrated by the fact
that other similar integrated optical silicon-based interferometric biosensors have been under
development for the detection of intact SARS-COV-2 virus or its subunits from saliva or
nasopharyngeal fluid samples [50,76]. Such devices can be used to detect a variety of proteins,

small-molecules [77], glycolipids [78] and nucleic acids in the aM-fM range [50,79].
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4. Conclusion

As a first objective of my PhD work, an integrated electro-optical biosensor was designed,
fabricated and its image-based, label-free, rapid bacteria detection working principle was
demonstrated with live, non-virulent E. coli bacterial suspensions. The sensing concept was
based on bacteria detection via the evanescent field, in the vicinity of waveguide structures. The
sensitivity of this technique was enhanced by the application of dielectrophoresis, thus
collecting the target cells on the waveguide surface, prior to detection. In the sensing process,
the statistical analysis was performed based on the differences between the scattered light
intensity images, where mean-square error variable was suitable to provide quantitative results.
Based on this, calibration of the device could be performed reliably. The detection method does
not require such resolution that is necessary to observe individual cells, since the differences in
scattering patterns are providing suitable basis for efficient sensing. Through this image
processing approach, the frequency of the AC field used for dielectrophoretic cell collection
was optimized. Furthermore, | have shown that reliable image processing results can be
obtained with the use of objective of similar magnification (x4.7) to a low-cost web camera,
supporting the cost-effective implementation of this device. The performance of the presented
detection concept was shown to be promising, reaching a detection limit of 102 CFU/ml. It is,
on one hand, comparable to results obtained with other 10 biosensors — e.g., OWLS, SPR, MZI
—[37,80,81]; on the other hand, relevant for the concentration of some pathogens in body fluids,
e.g. urine [82]. In addition, the 10-mins-long detection process, including cell collection, could
be considered rapid, being considerably shorter than the time, required for performing
traditional PCR or ELISA bacterial screening laboratory techniques [83]. Nevertheless, in its
present form, the biosensor provided only unspecific detection. Yet, just as it was demonstrated
in the case of an inflammation-mimicking fluid sample of artificial urine-containing somatic
cells (hCMEC/D3 endothelial cells), selective detection of bacteria can also be achieved. One
of the bases for this was the cell-size and frequency-dependent variation of the dielectrophoresis
sign, and thus its effect on different cells. To overcome the limitation of the unspecific
bacterium binding on the sensor surface, its functionalization can also be utilized. Moreover,
the image analysis can be further developed. Nevertheless, based on the demonstration of this
proof-of-concept detection method, this biosensor design has some promising aspects regarding
its sensitivity, low cost of fabrication, and rapid detection process. These could all contribute

to its application as a point-of-care diagnostic test in the future.
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In the second objective of my studies, an integrated optical Mach-Zehnder interferometer-
based biosensor was realized to be applied in a study focusing on the evaluation of the barrier-
penetration capability of the SARS-CoV-2 surface spike protein S1 subunit. To model this, two
in vitro biological barrier systems of human organs highly exposed to coronavirus infection
were used. Therefore, blood-brain barrier and intestinal barrier cell-culture systems were
investigated. Permeability assays were performed in inserts, then fluids within their bottom
compartments were further used for quantitative detection of the amount of crossed protein by
the biosensor. The presented optical biosensing approach provided a sensitive, specific, and
rapid way of S1-protein sensing, whereas the device has the potential to be used as a portable
diagnostic tool. For its optimal operation, the bias point of the interferometer was adjusted
effectively, using the developed thermo-optical technique. Therefore, the sensitivity of the
device could be maintained during the measurements. Beside the optical biosensing approach,
ELISA was also performed to quantitatively determine and compare the penetration capability
of the spike protein S1 subunit for both cell culture models, validating the results obtained with
the biosensor at the same time. Based on the obtained results, the penetration phenomenon was
verified, whereas the S1 could cross the two barriers in different amounts. Furthermore, the
biosensing approach also allowed the precise quantification of such target proteins. For further
studies aiming at the investigation of pathological effects of SARS-CoV-2 on human body, the
applied in vitro barrier models, methods, and detection approaches could serve as a valuable
basis. Based on the obtained results of the integrated optical Mach-Zehnder interferometer
biosensor, this sensing approach was proved to be applicable for such a medical diagnostic

purpose.
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Figure Al. Workflow of the verification whether the SARS-CoV-2 surface S1 spike protein subunit could penetrate across
human tissue barrier models, directly exposed to the protein: fluid sample of the S1 spike protein subunit (200 pg/ml in 0.1%
BSA (bovine serum albumin) Ringer-HEPES buffer) was injected (1) into in vitro cell-culture model of the BBB (co-culture
of human endothelial cells and pericytes) and the intestinal barrier (Caco-2 cells: human intestinal epithelial cells). Then, the
barrier properties were followed by trans-endothelial/epithelial electrical resistance (TEER) measurements and permeability
assays were performed (2). To evaluate the amount of spike protein that crossed biological barrier models, an optical biosensing
approach was applied (3). The specific detection of the S1 protein was performed by the integrated optical Mach-Zehnder
interferometer. An indirect enzyme-linked immunosorbent assay (ELISA) was used as an alternative detection technique of the

target protein validating the results of the optical biosensing technique (3v). The figure was created with BioRender.com.
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from https://app.biorender.com/biorender-templates.



Validating the results by ELISA experiments

In addition to the application of the 10 MZI biosensor, a conventional ELISA was also
performed, by our colleagues from the Blood Brain Barrier Research Group, to detect the S1
subunit of the spike protein that crosses the BBB and the intestinal barrier. The results obtained
by both methods could also provide a reliable and validated finding for the quantitative
description of the phenomenon. In the process, TEER was measured in cell cultures following
spike protein permeability assays. In this regard, treatment with 200 pg/ml spike protein did
not change the TEER of the cultures compared to the negative control group assays receiving
only the buffer (Figure A3a) [49].

Subsequently, both biosensor and ELISA measurements were performed with fluid samples
from the lower compartment of the used inserts. The findings of ELISA proved that the S1
protein efficiently crossed the positive control, cell-free inserts. While this protein was detected
reliably to pass through the cell monolayer in the BBB model, it was below the detection limit
in the case of the intestinal barrier system (Figure A3b). The S1 subunit concentration results
detected by ELISA for BBB model were almost identical to the biosensor measurements, by
which the validation was achieved. In contrast, the amount of spike protein, passing through
the intestinal epithelial cell monolayer Caco-2, was only detected by MZI measurements.
Presumably, this observation is due to the difference in sensitivity between the two methods,
i.e., ELISA had a higher limit of detection than the biosensor. Similarly, this difference in

sensitivity was also observed for the upper limit of detection. In this case, such a measurement

was performed where the spike protein passed through cell-free cell culture inserts [49].

a b

[ 0.1%BSA

] Spike protein (200 pg/ml) 12

e
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TEER (% of control)
Spike protein ( pg/ml)

T .04
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Figure A3. (a) Barrier integrity verification results after SARS-CoV-2 spike protein (200 pg/ml) treatment in 0.1% bovine
serum albumin (BSA)-Ringer—HEPES buffer or only after buffer treatment (0.1% BSA), proved by trans-endothelial/epithelial
electrical resistance (TEER) measurements. (b) Detection of S1 subunit by ELISA in samples from the bottom compartment
of cell culture inserts after spike protein treatment (200 pg/ml, 30 min). Results were also obtained for permeability assay
controls: positive control inserts, receiving only the carrier buffer (0.1% BSA) or negative controls, where there were no cell-
cultures in the inserts (‘cell-free inserts").



Petrovszki D, Valkai S, Gora E, Tanner M, Banyai A, Fiirjes P, & Dér A. An integrated electro-
optical biosensor system for rapid, low-cost detection of bacteria. Microelectronic Engineering.
2021; 239,111523. IF: 2.662



Microelectronic Engineering 239-240 (2021) 111523

Contents lists available at ScienceDirect

icroelectronic
ngineering

Microelectronic Engineering

FI. SEVIER

journal homepage: www.elsevier.com/locate/mee

Research paper ' :.)

Check for

An integrated electro-optical biosensor system for rapid, low-cost detection [

of bacteria

Daniel Petrovszki ™", Sandor Valkai®, Evelin Gora?, Martin Tanner *, Anita Banyai ¢,
Péter Fiirjes“, Andras Dér*

2 Institute of Biophysics, Biological Research Centre, Szeged, Hungary

® Doctoral School of Multidisciplinary Medical Sciences, University of Szeged, Hungary
¢ Institute of Technical Physics and Materials Science, Centre for Energy Research, Budapest, Hungary

ARTICLE INFO ABSTRACT

Keywords: In medical treatment, the detection of pathogens at an early stage of diseases is a key step to set up an appro-
Dielectrophoresis priate diagnosis. To reach this goal, several techniques have been elaborated for point-of-care diagnostic ap-
Microfluidics plications. One of the state-of-the art methods is the application of biosensor devices. Label-free versions of them
g;;esi;itji optics ensure an appropriate detection of pathogens from fluid samples by their relative sensitivity, rapidity and

portability, thus offering a feasible and affordable alternative to the traditional diagnostic techniques. The aim of
the present study is to fulfill these requirements with a cheap construction of an electro-optical biosensor, for
application as a rapid test in clinical diagnostics. Hence, an integrated microsystem consisting of dielectropho-
retic surface-electrodes, a rib waveguide and a microfluidic channel was created for label-free optical detection
of bacteria from fluid samples. To model the efficiency of the sensor, we carried out quantitative measurements
by observing the light scattered by living Escherichia coli cells located in the vicinity of the waveguide. A sig-
nificant change in the scattered light pattern was observed even when objectives of moderate magnification (x10,
x4.7) were used, implying that such type of sensing of the cells can be achieved by low-cost cameras, as well. The
optimal frequency utilized in the process of dielectrophoretic cell-collecting was also established. With this novel
system, a detection limit of ca. 102CFU x mL~! was achieved, which is relevant to characteristic pathogen
concentrations in body fluids, e.g., urine. Our further plan is to utilize this cell-gathering method in other, highly
sensitive integrated optical sensor constructions, as well. The working principle of this dielectrophoretically
enhanced detection of Escherichia coli cells from their suspensions gives us a low-cost and rapid-sensing alter-
native to routinely used, but time- and money-consuming other methods. Hence, we expect it to be readily
applicable in point-of-care diagnostics as a basis of rapid tests to identify general pathogens from various body
fluids.

Escherichia coli bacteria
Light scattering

1. Introduction

In different fields of everyday life, e.g. in medical treatment, food
quality control, or biodefense, there is a strong need to detect or monitor
pathogens as early as possible. Fortunately, several detecting and
descriptive techniques are known for these purposes [1]. The conven-
tional ones, including immunoassays and microbiology culture tech-
niques — enzyme-linked immunosorbent assay (ELISA) or polymerase
chain reaction (PCR) based systems — have been widely used. However,
in regions with poor healthcare these methods are not feasible or
affordable, because of their time-consuming processes — e.g., different
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steps of sample preparation and detection —, the high costs of reagents,
or the necessity of high-tech diagnostic devices and laboratory experts.
In these cases, cost-effectiveness, portability, small amount of required
sample and rapid, properly sensitive and specific operation are also
critical factors to ensure appropriate pathogen detection [2]. To fulfill
these requirements, widespread applications have been investigated in
the last two decades for point-of-care diagnostic purposes. The most
popular methods apply biosensor systems with microfluidic channels.
These devices can detect analytes of low concentrations from small
sample volumes, thus they are widely used in the field of molecular
biology, infectious disease management [3], food safety [4] and

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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biodefense [5]. One of their advantages compared to the conventional
methods means that they can collect pathogens at the same place where
the identification and measurements are carried out. Thus, it makes the
detecting method easier, and reduces the time required for diagnosis,
which helps finding the appropriate treatment in medical practice [6].

In these systems, various principles can be used for detection. Besides
the systems using direct visualization of pathogens under the micro-
scope, chemical-biological interactions can be used for quantification
and identification by other detectors. Depending on the physical prop-
erty of the captured signal, we can talk about electrical, electrochemical,
optical or magnetic devices. Note that there are some cases where signal
amplification is required, e.g. for optical detection purposes optical re-
porters, e.g. fluorophore dyes [7], metallic nanoparticles, or quantum
dots [8] can be used. Moreover, another aspect of their differentiation is
whether labeling is required in the detection process. While label-using
techniques are usually more accurate, their cost is higher at the same
time. Hence, nowadays label-free applications are also commonly used
in point-of-care diagnostics.

One type of the generally used biosensors of label-free detection is
based on impedance measurements. Due to their simplicity and adapt-
ability, a lot of applications for pathogen detection can be found [9]. For
reasons of portability and simplicity, these devices normally contain
interdigitated microelectrode arrays to reach proper sensitivity, while
keeping the size of the electrode-system reduced. To improve the sensing
capability in these systems, dielectrophoresis (DEP) has been also uti-
lized [10,11], in order to ensure appropriate analyte detection. Several
studies show that this phenomenon is applicable for bacterial cell-
separation or cell-concentration [12], as well as isolating bacterial
cells from fluid samples [13].

Optical biosensors are used in other promising label-free sensing
approaches, which are known for safety, rapidity and multipurpose
capability combined with high sensitivity [14]. These devices take
advantage of the different features of light to facilitate extremely sen-
sitive detecting. In recent years, integrated optical applications have
been extensively studied, where an optical waveguide is the key element
in the detection process. Several studies [15,16] have shown that these
sensor systems can be used for the recognition of pathogens. Although,
their detection methods are very diverse, they are found very sensitive,
in general. In the literature, evanescent-field sensing is the basic working
principle of many widely used techniques that proved to be very good in
high-sensitivity, specific detection purposes [16]. Here it is necessary to
mention optical waveguide light-mode spectroscopy (OWLS) [17,18]
and interferometric methods — e.g. Mach-Zehnder interferometer (MZI)-
based [19,20] and surface plasmon resonance (SPR) techniques [21] —
that can detect bacteria or other pathogens from fluid samples. Common
to these devices is that they utilize specific adsorption onto a waveguide
surface and convert the accompanying phase shift of the guided light to
intensity changes measured by photodetectors. Horvéth et al. demon-
strated the applicability of an OWLS device by reaching a 60 cells x
mm ™2 detection limit for Escherichia coli K12 bacteria from fluid sample
[17]. This technology based on optical grating has also been applied for
label-free sensing of other pathogen microorganisms, as well. Another
study [18] presented an OWLS device which was used for the detection
of Legionella pneumophila in water, where the biorecognition elements
were antibodies. Besides the grating technology, interferometric detec-
tion is also among the promising label-free optical biosensing applica-
tions. Mathesz et al. presented an integrated optical interferometric
biosensor, which device could detect Escherichia coli bacteria from fluid
samples with a detection limit of 105CFU x mL~! within a few minutes
[19]. Moreover, another interferometric MZI immunosensor device
showed a promising performance for the detection of Listeria mono-
cytogenes, which pathogen can be lethal for humans. High specificity
over other pathogen microorganisms was reached by this device. The
biosensor achieved a limit of detection (LOD) of 10°CFU x mL’l, which
is below the infection dose [22]. In a recent review [21], emerging ap-
plications of SPR biosensors using modified detecting techniques have

Microelectronic Engineering 239-240 (2021) 111523

been overviewed. One of them, namely, applied the SPR method to
detect E. coli 0157:H7 pathogenic bacteria, using T4 bacteriophages as
recognition elements, while another highly specific phage was used to
detect Staphylococcus aureus (MRSA), as well. This system could achieve
label-free, specific, rapid (less than 20-min) detection of pathogens, for
concentrations of 10°CFU x mL™'. In another example, an alternative
version of SPR was used, where the sensing process was combined with
imaging. A case study [23] showed that a charge-coupled device along
with image processing methods is applicable for detection. Hence, this
technique was found suitable for studying and monitoring molecular
interactions in real-time, as well. In another approach, imaging-based
sensing of scattered light was used in several studies — containing
charge-coupled device readout systems — in order to identify and detect
pathogens from fluid samples [24]. Related to this scattered light in-
tensity detecting method, a commercially available optical sensor sys-
tem, namely the MIT 1000 (Micro Identification Technologies Ltd., San
Clemente, California, USA) also uses scattered light for the detection of
pathogen bacteria from fluid samples. It analyses the back-scattering
pattern of incident laser light both from the outer surface and from
the internal part of bacteria. This manufacturer claims that 10-50 CFU
x assay”! can be detected by the device.

There are many different biosensor constructions available today,
and the ones applying label-free methods are especially suited for rapid
tests in medical diagnostics, hence they are in the forefront of related
research. Table 1. shows a comprehensive review of the performance of
the evanescent-wave based, label-free biosensing techniques, indicating
the sensing method, the limit of detection (LOD) and the target pathogen
microorganism.

In this paper we present a biosensing system, which can detect
bacterial cells from low-volume fluid samples. This detection method
combines a dielectrophoretic cell-collecting technique with evanescent-
field sensing. After a detailed description of the device, we demonstrate
the working principle of the system via a dielectrophoretically enhanced
detection of Escherichia coli Dh5a cells from their suspensions, as a low-
cost and rapid alternative of other, relatively sensitive methods.

2. Materials and methods
2.1. The working principle of the biosensor

2.1.1. Dielectrophoretic cell-collecting

Considering higher sensitivity, it is a crucial requirement in our
sensor construction to collect the analyte particles adjacent to the sensor
surface, to make them detectable by the device. To fulfill this need, we
applied the phenomenon of dielectrophoresis (DEP), which is based on
the dielectric polarization of particles (i.e., cells in our case). In micro-
fluidic systems containing dielectric particles a dielectrophoretic force
(DEP-force) awakes by applying inhomogeneous alternating electric
field, that attracts (or repels) the analytes towards the electric field
maxima or minima. If the force directs to the maximum field strength,
we speak about positive dielectrophoresis, while the opposite effect is
called negative dielectrophoresis [26]. The equation of DEP-force
(Eq.1.) including the relative permittivity of the target particles
compared to the surrounding medium and the frequency of the applied
electric field can be described for spherical particles, as follows:

@ VE? 1

Fpep = 2nr’ e, Re | = 0 ns
m &+ 2, rms

where r is the radius of the sphere, ¢,*, e,,* are the complex permittivity
& —¢n
ep+2en
Mossotti factor, which is a parameter of the relative polarizability of the

particle, and E; is the root-mean-square of the applied alternate elec-
tric field [27].

for the particles and for the medium respectively, is the Clausius-
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Table 1
Recent results of various integrated optical biosensor constructions for pathogen detection.
Commercially used Microfluidics Type of sensor Detection limit Target Sample type Reference
Yes No Light scattering 10 — 50 E. coli, Cryptosporidium, Giardia cells from colony http://www.micro-imaging.com
CFU x assay’1
No Yes OWLS 60 cells x mm~2 E. coli buffer [17]
No Yes OWLS 1.3 x 10* L. pneumophila water [18]
CFU x mL™*
No Yes MzI 10°CFU x mL™! E. coli buffer [19]
No Yes MZI 10°CFU x mL™? L. monocytogenes buffer [22]
No Yes SPR 10°CFU x mL™! MRSA, E. coli 0157:H7 buffer [25]

By adequate definition of characteristic parameters of the applied
alternating electric field, the mentioned specific cell-collecting or cell-
separating microfluidic devices can be designed [12]. A promising
approach is to apply this cell-collecting method in biosensing systems
developed for medical diagnostics.

2.1.2. Evanescent-field sensing via light scattering

One type of the integrated optical biosensors is based on evanescent-
field sensing. In this case the light propagates in a miniature waveguide
structure by total internal reflection and the output light intensity is
influenced by any change in the environment. It can be caused by e.g.
the bonding of the particles on the surface [28]. In such integrated op-
tical systems, the propagating waves penetrate the surrounding media to
a limited extent (“evanescent-field”), allowing the detection of target
molecules adjacent to the waveguides (Fig. 1a)).

There are various options to carry out quantitative measurements
using this method. One of them is to measure the light that the target
particles — bound to the surface of the waveguide structure - scatter,
while other approaches use e.g. interferometric detection [14].
Regarding the practical applications, a crucial feature of all integrated
optical biosensors is their sensitivity. In case of detecting bacteria or
other cells from body fluids, increasing the cell concentration on the
detector surface is a crucial requirement, where the above mentioned
dielectrophoretic cell-concentrating technique can play an important
role.

2.2. Device fabrication

2.2.1. Combined thin-film gold electrode and integrated optical system

In the architecture of the biosensing device, the dielectrophoretic
cell-collector electrode system was prepared by fabricating gold surface-
electrode pairs with tilted fingers optimized for positive dielectropho-
resis. The structure of this system is inspired by the design of a previous
study [29], where electrode-pairs were used for cell-focusing in a
microfluidic channel. Nevertheless, for the integrated sensing optical
structure, a rib waveguide stripe was made within the gap of the

electrodes, as it can be seen in Fig. 1b). Hence, the cells captured in the
evanescent region of the waveguide can be detected by a photodetector,
since they become elementary sources of scattered light in that region.
For manufacturing both the appropriate electrode system and wave-
guide structure, direct laser writing technique (uPG-101 machine, 1 =
405nm, Heidelberg Instruments GmbH., Heidelberg, Germany) was
used.

As the first step of the device fabrication, the electrodes were
structured utilizing lift-off lithography technique following the protocol
of the manufacturer of the applied materials. A positive S1818 photo-
polymer (MicroResist Technology GmbH., Berlin, Germany) layer was
spincoated (3000 rpm, 60 s) in the thickness of 2 pm on a microscope
coverslip (Menzel-Glaser, Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA), which step was followed by soft baking (115 °C, 1 min).
Then the photopolymer was exposed by the direct-laser writing appa-
ratus, forming the desired structure of the tilted electrode-pairs. After-
wards, the coverslip was rinsed (90 s) in the developer solution of the
photopolymer (MICROPOSIT MF-319 solution, Kayaku Advanced Ma-
terials, Inc. (formerly MicroChem Corp.), Westborough, Massachusetts,
USA) and was washed by deionized (18.2 MQ) MilliQ water (Synergy®
UV Water Purification System, Merck-Millipore, Burlington, Massachu-
setts, USA) to remove the exposed part of the polymer. As a result, a
mask was made containing the design of the electrodes. Next, the
coverslip was exposed again by Mercury i-line UV light (Oriel 97,435 UV
lamp, 4 =~ 365nm, Newport Corp., Irvine, California, USA), in order to
remove the remained part of the photopolymer from the surface by a
repeatedly applied developing step. After the exposure, homogeneous
chromium and gold layers were deposited by sputtering technique.
During this process, the chamber was pumped to high vacuum (8 x 1072
mbar), and Argon gas was used to generate sputtering ions during the
process. At first a 10 nm thick Cr layer was deposited in order to enhance
the gold layer adhesion to the glass surface. Then a 30 nm thick Au layer
was deposited. Next, the mentioned developing step was performed. In
this step, the coverslip was rinsed in the solution for a two-day long
period to remove all the photopolymer from its surface. After that, the
coverslip was dried and then was used as a substrate for the further

o Waveguide
e Cell collecting electrodes

9 Microfluidic channel

o Substrate

b)
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Fig. 1. a) shows the schematic illustration of the evanescent-field sensing, where the bonding of the Escherichia coli bacteria to the surface of the waveguide cause
scattering of the evanescent waves of the light propagating in the waveguide. Fig. 1b) illustrates the schematic design and realization of the integrated optical

biosensor system (the figure was created with Biorender.com).
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steps.

Next, the integrated optical waveguide structure was fabricated.
During this process the deposited substrate — containing the electrode
system — was covered by a 2-pm thick negative photopolymer (Epo-
Core_2, MicroResist Technology GmbH., Berlin, Germany) by spincoat-
ing (3000 rpm, 60 s). Then it was prebaked in two steps (first at 50 °C for
2 mins, then with even heating at 90 °C for 2 mins). After the coverslip
was cooled down to room temperature (approx. After 30 mins), the
photopolymer was exposed by direct laser writing for the rib waveguide
strip localized in the 10 pm gap between the tilted electrode pairs. Af-
terwards, the coverslip was postbaked in two steps (first at 50 °C for 2
mins, then with even heating at 85 °C 3 mins). As in the case of pre-
baking, after the substrate was cooled down to room temperature, it was
rinsed (90 s) in the developer of the photopolymer (mr-Dev 600 devel-
oper solution, MicroResist Technology GmbH., Berlin, Germany) and
was washed by isopropanol. After these steps of the fabrication, a
combined biosensing system consisting of sensing integrated optical
waveguide strip and cell-collecting electrode system was realized
(Fig. 1b.)). These are the two key components of the integrated optical
sensor device.

2.2.2. Microfluidic channel

In our construction, the purpose is to detect bacteria from small
sample volumes. Therefore, a microfluidic channel was required to
ensure the continuous flow of these fluids. During the preparation pro-
cess of this PDMS (poly(dimethylsiloxane)) channel, soft lithography
technique was applied following the steps described in the previous
work of our research group [19]. First a mold was fabricated by using a
SU-8 negative photoresist. As a first step of the fabrication, a 15-pm thick
photoresist layer was spincoated on a glass substrate, and then soft-
baked (90 °C, 5 min). Afterwards, it was exposed through a photo-
mask by UV light (Oriel 97,435 UV lamp, 1 ~ 365nm, Newport, Corp.,
Irvine, California, USA). Next, a liquid PDMS prepolymer (degassed 1:10
mixture of Sylgard 184, Dow Corning, Midland, Michigan, USA) was
poured over the master mold and cured for 30 min at 80 °C. Subse-
quently, the replica of the PDMS was peeled from the master structure
and adequate holes were pierced at inlets and outlets for pipette tips. To
finish the process, the PDMS was bonded above the tilted fingers region
of the electrode-pairs, including the sensing rib waveguide structure in
the gap between them (Fig. 1.b)).

2.3. E. coli suspension preparation

In this study, only non-virulent, living E. coli cell cultures of Dh5a
strain were used. Prior to use, the colonies were kept on agar plates at
4 °C. For the experiments, the cells were pipetted into 3 mL LB (lysogeny
broth) medium in a sterile polystyrene tube. Then the bacteria were
grown overnight in a shaker incubator at 30 °C. Next morning, these
cultures were diluted back 100 times. Then cells were grown until they
reached the optical density of 0.4 at 600 nm (ODgoo). In the meantime,
an Eppendorf-tube was filled with 1350 uL sterile-filtrated (0.2 ym pore
size cellulose acetate sterile syringe filter, VWR International, Radnor,
Pennsylvania, USA) master dilution solution of LB and MilliQ deionized
water (1:9 ratio). Next, 150 uL of the cell culture was pipetted into this
tube and was resuspended. Note, that samples spiked by dielectric
particles, e.g. LB solution, must be diluted to lower ionic strengths for
the optimal working of the applied DEP collecting electrode system, the
dielectric particles filled samples and to avoid undesired side-effects, i.
e., electrolysis of the fluid and the damages to electrodes. Prior to the
experiments, the desired concentration of E. coli suspensions was
adjusted. The concentration of the undiluted bacteria in the LB culture
was determined by plate counting technique and expressed in colony
forming units per milliliter (CFU x mL’l).

During the experiments aiming at the size selectivity of the applied
cell-collecting method, a mixture of living E. coli and hCMEC/D3
(Human Cerebral Microvascular Endothelial Cell Line) cell cultures was
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diluted by the master dilution mixture, following the same protocol that
used for E. coli suspension dilution, but in this case negative artificial
urine (pH = 5.94) was used to replace the LB in the solution (artificial
urine and deionized water in the ratio of 1:9 respectively). The hCMEC/
D3 (Human Cerebral Microvascular Endothelial Cell Line) cells were
grown in an incubator and were diluted back prior to the mixing step.
The urine solution was prepared on the basis of the protocol of negative
artificial urine base solution recipe ("Case A" in the study of Khan et al.
[301), with the following modifications. Firstly, the base solutions were
made by diluting 1.3609 g KH2PO4 (0.1 M) and 2.2823 g K;HPO4 (0.1
M) in 100 mL-100 mL deionized water. Then, the applied urine solution
was prepared by mixing the two solutions in 2:1 ratio respectively.
Finally, 7.5 mg Tween-20 (Sigma-Aldrich, St. Louis, Missouri, USA) was
added to the 150 mL of the final negative artificial urine solution (pH =
5.94) to avoid aggregation.

2.4. Experimental setup

In this study, the fluid sample was pumped into the microfluidic
channel at a constant flow rate by a syringe pump (SP210IWZ syringe
pump, World Precision Instruments Inc., Sarasota, Florida, USA). The
system was monitored by a CCD camera attached to an inverted mi-
croscope (Zeiss Axiovert 200, Jena, Germany) and connected to a
computer, that was also used to capture optical images during scattered-
light detecting experiments. AC electric field at various frequencies was
applied for generating positive DEP, for optimizing the collecting
capability of the electrode system coupled to a function generator (20
MHz function generator model 8020, Tabor Electronics Ltd., Nesher,
Israel) with sinusoidal signals. Switching on and off the voltage was
controlled via square wave trigger signals (TTL, 1.4 s) from a timer
(Uniblitz VS14S2ZM1R1-21, Vincent Associates, Rochester, New York,
USA). The light beam of a laser diode (A = 670nm) was used for
measuring and was coupled to a single-mode optical fiber (S630-HP,
Thorlabs), whose other end was matched to the input of the waveguide
by a micropositioner (DC-3 K, Marzhauser Wetzlar GmbH & Co. KG,
Wetzlar, Germany), and its optimal position was fixed by a photo-
polymer glue (OP-66-LS, Dymax Europe GmbH, Wiesbaden, Germany).
Fig. 2 shows the experimental setup of the realized biosensor system.

3. Results and discussion
3.1. Dielectrophoretic cell-collecting

Regarding the sensitivity of the detection method, testing the cell-
collecting capability of the thin-film electrode system was crucial.
(Note, that these experiments were performed prior to the detecting
experiments, and the device did not contain the detecting waveguide
structure.) As a first step, we tested the particle-collecting capability and
the size-wise selectivity of this method by injecting a mixture of
deionized MilliQ water (Synergy® UV Water Purification System,
Merck-Millipore, Burlington, Massachusetts, USA) and polystyrene
beads (Polybead® Microspheres, Polysciences Inc., Warrington, Penn-
sylvania, USA) of different diameters (1 ym, 9 ym) into the microfluidic
channel. During these experiments, the fluid sample was pumped at the
flow rate of 5 uL x min~!, while alternating electric field current (30
Vp—p, 5 MHz) was applied to achieve the desired positive dielectropho-
retic collection of the target particles. The results met our expectations.
Applying this method, we could attract the polystyrene beads of the
desired 1 pm diameter to the surface of the gap between the electrodes,
whilst it did not cause any change in the movement of the beads of 9 pm
diameter in the mixture.

Based on these measurements, the next step was to replace the
polystyrene bead target particles with non-virulent, living Escherichia
coli cells, to collect pathogens from their diluted samples utilizing this
phenomenon. In this case, we used bacterial suspensions of various di-
lutions, in order to determine the sensitivity of our system. The protocol
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Fig. 2. Schematic illustration of the experimental setup. The sample was pumped through the microfluidic channel by a syringe pump, the red light of a laser diode
was coupled to the waveguide by a single mode optic fiber, and the electrodes were connected to the signal generator controlled by a shutter-driver timer. Image
capturing was carried out by the CCD camera of an inverted microscope connected to the computer, where image processing was performed. (The figure was created

with BioRender.com).

of the experiment was the same as the one used in case of the polystyrene
beads. During each cell-collecting process, the E. coli bacteria suspension
was pumped at a flow rate of 5 uL x min ™~ for a half-an-hour-long period
after the application of alternating electric field. First, we examined the
applicability of the mentioned surface-electrode system in case of a
bacterium suspension of 10°CFU x mL lconcentration. In this case
effective cell-collecting could be observed shortly after the experiment
started (Supplementary Experimental Data — Videos: VideoS1-Cell-
collecting). Following the experiments with further diluted E. coli sam-
ples, we observed that a high ratio of the analyte cells was collected from
the diluted suspension of bacteria of a concentration of 10*CFU x mL™?
as well. Hence, this lower-concentration sample seemed applicable for
our detecting purposes, to perform quantitative measurements for
optimizing the crucial parameters of the detecting system, namely, to
choose optimal magnification and AC frequency.

Objective

3.2. Detection via evanescent-wave scattering: Image capturing and
analysis

3.2.1. Optimization of the experimental parameters

During the biosensing experiments, the measuring system included
the detecting waveguide structure, too. After completing the he above-
described dielectrophoretic cell-collecting process for 30-min, the
alternating electric field was turned off (“OFF state”) and then on (“ON
state”) again, by giving short, 1.4-s long pulses with three-second long
pauses, hence, periodically changing the adhesion contact between the
cells and the surface of the waveguide. The subsequent changes in the
pattern of the scattered-light intensity image could be observed and
captured, too. Based on microscopic observations, these changes
correlated, and hence, were attributed to the movement of bacteria due
to switching on and off the alternating electric field. (Note that during
these experiments only bacterial cells were present in the suspension.)
This procedure gave the basics of the quantitative detection. Note that
the short duration of the pulse periods was crucial to avoid the removal

Objective
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alternating
electric field
(pDEP)

Light Switching off
coupling and
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y) Capturing several
image pairs by
switching the electric

the electric
field and
recording

field (repeating the last
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Fig. 3. The image-analysis assisted, quantitative measurement, which is based on the recorded scattered light intensity images, while the inhomogeneous alternating
electric field is switched on and then off, inducing bacteria movement and change in the scattered image patterns. (The figure was created with BioRender.com.)
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of collected bacteria from the sensing region. During this period of the
measurement process, several image pairs were captured from the same
cross-section of the system in different states (OFF and ON). The whole
detection period lasted about 40 mins, including the cell-collecting step.
The schematic illustration of E. coli cell detection based on the
evanescent-wave scattering process is shown in Fig. 3. Further details of
the measurements can be found in the Supplementary Experimental
Data - Videos: VideoS2-Magnification-test.

During the follow-up tests, objectives of different magnifications
(x4.7, x10, x20) were used for image capturing of the scattered light, in
order to define the applicable resolution where the change in the scat-
tered light intensity image is significant. For demonstration, light-
intensity difference images were calculated for a diluted (10*CFU x
mL~!) bacterium suspension, showing the change in the scattered light
pattern (Fig. 4).

For making these measurements quantitative, image processing
methods were applied, in order to determine the similarities and dif-
ferences between the captured scattered light patterns. To achieve this
goal, a script and a function was written in MATLAB2017b, in order to
calculate appropriate variables to describe the similarities between the
images. Hence, correlation and mean-squared error (MSE) values were
calculated for every captured image pair, based on image processing
functions of MATLAB, e.g. corr2() or immse(). To determine whether the
scattered light pattern was changed significantly between the OFF and
ON states of the system, the same calculations were performed also for
different images recorded in the same state (OFF-state and ON-state
images), which served as control groups. The results of the image
analysis (number of image pairs: n = 5-12, Supplementary Experimental
Data - Tables: TableS1-Optimization) clearly show that there was sig-
nificant difference in the MSE values between the image pairs (OFF-ON
images) compared to the fluctuations within control groups (Fig. 5a)-b).
It could be established that significant differences for MSE values were
observed in those cases, too, where the detection was carried out by
objectives with less magnification (x4.7, x10) (Fig. 5a, and Supple-
mentary Experimental Data — Tables: TableS1-Optimization).

Thereafter, a second set of experiments was carried out to optimize
the collecting process in the DEP cell by determining the ideal frequency
of the applied alternating electric field, where most bacteria cells can be
collected (Supplementary Experimental Data — Videos: VideoS3-
Frequency-test). For this purpose, the frequency range of 100 kHz to
5 MHz was applied, and, using the above protocol for quantitative image
processing, it was established that the 5 MHz frequency yielded the best
results for dielectrophoretic cell-collecting (Fig. 5b), and Supplementary
Experimental Data — Tables: TableS1-Optimization), a process crucial
from the point of view of sensitivity.

3.2.2. Determination of the sensitivity of the method
After optimizing the AC frequency and the optical magnification,
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further experiments aiming to determine the detection limit of this
sensing system were carried out. To this end, we used a serial dilution of
samples of 10> — 10°CFU x mL™! concentration, to collect and detect
bacteria cells from fluid samples, using the optimal measuring condi-
tions (the objective of x20 magnification and the optimized AC param-
eters (30 Vp-p, 5 MHz, sinusoid signal)). Moreover, experiments
revealing the kinetics of the dielectrophoretic cell-collection were also
performed to reduce the time period required for determining the most
significant scattered-light pattern changes. For this purpose, capturing
of the scattered light intensity images was performed for each of the
serial diluted bacteria suspensions, with a collecting period time of 0 (n
=5),1(n=10), 3 (n=6-10), 10 (n = 19-20) and 30 (n = 20) minutes
(Supplementary Experimental Data — TableS2-Sensitivity). Note, that
here the 0-time values correspond to reference measurements. In these
cases, mean-squared-error image similarity values were calculated for
each image pairs (OFF and ON state), and for each group images. Based
on the image processing results, an optimal cell-collecting period time of
10 mins was estimated. Fig. 6a) shows the results (n = 19-20) of the
scattered light intensity image processing for the serial diluted bacteria
suspensions with 10-min long cell-collecting. (Further details are found
in the Supplementary Experimental Data — Tables: TableS2-Sensitivity)
The resulting data clearly shows that a significant difference can be
found in the MSE values of the pairwise images compared to the group
ones even for the lowest, 10°CFU x mL~! bacteria concentration. The
tendency of this difference in the MSE values between the pairwise and
group data for the bacteria samples is indicative of the collected number
of bacteria, which can be used for the calibration of the sensor system.
For this purpose, this difference was calculated utilizing the mean MSE
values of the pairwise and group data. Since this experiment was per-
formed on the same biosensor, a reference MSE difference value was
calculated using the images from the first detection step of the process,
where no bacteria cells were collected. Then this value was extracted
from every MSE difference value, and the resulting differences between
the MSE values of the pairwise images and the group ones are shown in
Fig. 6b). A power-law function could be fitted to these values, with a
multiplication factor of 0.6152, and an exponent of 0.2228. Taking into
account the high goodness-of-fit value (R? = 0.91), this function can be
considered to define the calibration curve for this experiment.

3.3. Experiments with artificial urine containing bacteria and somatic
cells

As a pilot test focusing on the selectivity of the cell-collecting pro-
cess, an artificial urine sample containing a mixture of E. coli and
hCMEC/D3 endothelial cell suspensions at the concentration of 10*CFU
x mL~! was used to mimic an environment of inflammatory urine,
infected by bacteria, and containing other cell types, too. During the
experiment, an alternating electric field (30 V,_, 5 MHz) was applied. At

200pm
L

)

Fig. 4. Scattered light intensity images at the same region of the biosensor system are shown after cell-collecting (10* CFU x mL~! E. coli suspension) at given
alternating electric field parameters detected by objectives of x20 (a), x10 (b), and x4.7 (c) magnifications. The upper inserts show the scattered-light intensity
pattern when the electric field is applied to the electrodes (ON), the lower ones represent the scattered intensity difference between the ON and OFF states (DIFF).

The images were evaluated by image processing.
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Fig. 5. Image analysis of pairwise and group results (n = 5-12) of experiments applying various objective magnifications (a)) and AC frequencies (b)) at a given E.
coli concentration (10°CFU x mL™'). As a quantitative descriptor of the effects, the mean-squared errors (MSE) of the scattering patterns (“pairwise” and “group”
images) were taken at the same region of the intensity images (x20 objective). The images were captured applying AC signal of 30 V,_, amplitude and various
frequencies in the range of 0.1-5 MHz. In the experiment aimed to optimize objective magnification, the applied electric field parameters were 30 V,_, and 5 MHz.
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Fig. 6. Fig. 6.a) Image analysis results of pairwise and group images (n = 19-20) registered during the experiments with serial diluted bacteria suspension (10? — 10°
CFU x mL™1). As a quantitative descriptor of the image differences, mean-squared error (MSE) values between the scattering patterns were taken at the same region
of the biosensor device (x20 objective). Fig. 6.b) shows the difference of the MSE values (mean-+tstandard deviation) of the pairwise images compared to the control
group ones. 6¢) shows the same difference, but on a dual-logarithmic scale. 6b) and 6¢) also shows that even at an extremely low bacteria concentration (102 CFU x
mL™1) a significant difference can be observed between the corresponding MSE values, defining the detection limit of this novel biosensing method. A power-law
function could be fitted to the data (R? = 0.91), providing the calibration curve of the method, as well.

first, the fluid sample was pumped at a flow rate of 0.1 uL x min~* for a
couple of minutes, to observe the effect of the dielectrophoresis on the
individual cells, while the sample was flowing through the channel. Due
to the size-dependent behavior of the dielectrophoresis at the chosen
frequency and ionic strength, collection of bacteria (~2 ym) and repel-
ling of endothelial cells (~10 ym) was observed in the region of the
electrode system, due to the size difference between the two cell types.

Next, a selective bacteria collecting was performed while the suspension
was pumped at a higher, 3 uL x min~! flow rate. During the process no
endothelial cell was observed to be collected on the surface of the
waveguide whereas many bacterial cells were adhered on the gap be-
tween the tilted-finger electrode pairs (Supplementary Experimental
Data — Videos: VideoS4-Selectivity). The results of the pilot test proved a
sort of selectivity of our method: bacteria were collected on the sensor
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surface between the electrodes, while endothelial cells were flowing
through the microchannel above the sensor system, not interfering with
the detection of pathogens.

4. Conclusions

We presented an image-analysis assisted, label-free, rapid bacterium-
detecting method, and we could demonstrate its working principle with
a suspension of real, living E. coli bacterial cells. Applying this detection
method and choosing the optimal statistical analyzing tools (e.g.
determination of correlation, mean-squared error), a proper calibration
of image similarities could be realized. The mean-squared error variable
proved to be the most appropriate for this purpose. Using image pro-
cessing methods, the optimization of the applied alternating current
frequency was performed. Based on the image similarity results, we
established that the biosensor construction can be used with a less
sensitive detector (e.g., by a cheap camera). Note that, it was not
necessary to observe individual cells utilizing this method, still, the
change in the scattered light pattern seemed to be a good indicator of the
presence of the analytes based on the results of the detection limit ex-
periments. The sensitivity of the method was found to be ca. 102 CFU x
mL~l. The new technique outperforms a previous interferometric
biosensor construction of our working group [19], and is relevant to
characteristic pathogen concentrations in, e.g., urine [31]. Moreover,
this sensitivity is comparable with other label-free optical - OWLS, MZI,
SPR techniques — detection methods listed in the introduction [32,33].
The detection time of the sensor was optimized in 10 min and was found
to be considerably less than the ones of traditional bacterium-detecting
laboratory techniques, e.g. ELISA or PCR [34]. However, the present
form of the measuring technique is restricted to monitor unspecific
bonding of the analyte cells on the surface of the waveguide. Still, a pilot
test with artificial urine, containing a mixture of bacterial E. coli cells
and hCMEC/D3 endothelial cells, proved that our sensing technique is
selective for the detection of bacterial cells over somatic cells, due to the
frequency- and cell-size dependent sign change of the collecting die-
lectrophoretic force. In forthcoming studies, we plan to functionalize the
sensor surface to reach specific bacterium cell sensing and test the sys-
tem under conditions where a mixture of different pathogens is present,
such as in case of body fluids. However, we believe that even in its proof-
of-concept form, this detection method is very promising from the point
of view of its sensitivity, low cost of fabrication, and rapid detection
process. Improving the image analyzing methods and optimizing the
applied codes are expected to further reduce the detection limit of our
technique. We hope that in the future this detecting technique can be
utilized in point-of-care diagnostics.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.mee.2021.111523.
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Abstract: Integrated optics (IO) is a field of photonics which focuses on manufacturing circuits
similar to those in integrated electronics, but that work on an optical basis to establish means of faster
data transfer and processing. Currently, the biggest task in IO is finding or manufacturing materials
with the proper nonlinear optical characteristics to implement as active components in IO circuits.
Using biological materials in IO has recently been proposed, the first material to be investigated
for this purpose being the protein bacteriorhodopsin; however, since then, other proteins have also
been considered, such as the photoactive yellow protein (PYP). In our current work, we directly
demonstrate the all-optical switching capabilities of PYP films combined with an IO Mach-Zehnder
interferometer (MZI) for the first time. By exploiting photoreactions in the reaction cycle of PYP, we
also show how a combination of exciting light beams can introduce an extra degree of freedom to
control the operation of the device. Based on our results, we discuss how the special advantages of
PYP can be utilized in future IO applications.

Keywords: optical switching; integrated optics; photonics; photoactive yellow protein

1. Introduction

Integrated optics (IO) is a new alternative method of information transfer analogous
to integrated electronics; however, the speed of the system at hand is dependent on the
nonlinear optical (NLO) material that is applied as the active element of the IO circuit.
Several materials are being developed and used in hybrid systems—mostly nonlinear
crystals with m-conjugated electron systems [1,2]. It is among the long-term goals in
optical telecommunication to find proper NLO materials that make possible all-optical IO
switching at the proper efficiencies and speeds. Earlier works suggested the consideration
of materials of biological origin for these purposes [3]. First, it was shown that (slow)
spectral changes accompanying the photocycle of the chromoprotein bacteriorhodopsin
(bR) are sufficient to achieve IO switching [4-6], making bR a promising candidate for
IO applications. Eventually, it was also demonstrated that the primary events of the bR
photocycle allow for ultrafast (sub-picosecond) switching as well [7].

The application of biological materials is appealing because of their easy availability
and exceptional NLO properties [8]. Recently, another light-sensitive biomaterial, the
photoactive yellow protein (PYP) [9,10], has garnered interest for IO applications because
of its fast photocycle in solution and its large light-induced refractive index change in
dried films [11]. PYP, being water-soluble and smaller than the bR membrane patches
used previously, potentially enables its combination with special IO passive elements
where the application of bR is not possible (e.g., in porous silicon structures). Based on
our previous experiments, the PYP in film form could be a viable option for all-optical
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switching experiments, as adding glycerol to the protein solution before drying the film
helps maintain the integrity of the photocycle even in low humidity environments, allowing
for the formation of the intermediate states [12], which accompanies refractive index
changes of the film [11]. The photocycle of PYP consists of two main intermediates, the red-
shifted pR and the blue-shifted pB (further distinguishing pRj, pRy, pB; and pBy) [10]. By
illuminating PYP with blue light, the photocycle takes place in a matter of milliseconds in
solution. A study has shown that illuminating PYP during the photocycle’s pB intermediate
with violet light can cause a short circuit in the photocycle, making PYP return to the ground
state via a faster route [13].

In this communication, our main motivation was to demonstrate that the spectral
changes of the PYP photocycle can accompany refractive index changes sufficient for 10
switching (similar to how it has been shown earlier for bR [4]), using the combination of a
PYP film as an active NLO component and a proper integrated optical structure. Active IO
elements can be implemented by utilizing a number of structures—interferometers [8,14],
grating couplers [14,15], ring resonators [16], etc. The Mach—Zehnder interferometer (MZI)
is one of the simplest IO passive devices, consisting of a bifurcated linear 10 waveguide
structure forming two arms. By adsorbing a transparent NLO material on top of the arms,
adlayers are formed that can alter the effective refractive index, thus creating a phase
difference between the arms joining at the output of the device, manifesting in intensity
changes at the MZI’s output. This principle is often used for biosensing applications, such
as sensing bacteria or proteins in action, as well [17,18]. Hence, we performed all-optical
switching experiments using an 10 MZI, with a PYP adlayer as an active NLO component,
for the first time. For the excitation of the sample, we used continuous illumination with
two different laser wavelengths, targeting both the protein’s pG ground state and pB
intermediate state, demonstrating the different modalities of the switching capability of
PYP-containing IO devices. Our results underpin that, besides bR, the chromoprotein PYP
can also be considered as a promising NLO material for future, high-profile IO applications.

2. Materials and Methods
2.1. PYP Sample Preparation

The preparation method for PYP has been discussed elsewhere [10,11], but a brief
summary will be given here as well. To prevent the cracking of the PYP films, 87% glycerol
solution was added to the protein solution at 1:49 ratio. It was then allowed to dry in a
laboratory environment (33% RH, 20 °C) for at least 24 h. By using glycerol as a ballast
material, we secured the relative humidity inside the sample at ~80%, still allowing for the
photocycle to take place [10,11].

2.2. 10 Mach—Zehnder Interferometer Biosensor Fabrication

The fabrication method of the integrated optical Mach-Zehnder interferometer was
based on the process used in one of our previous works [19], following the protocol of the
manufacturer of the applied materials. The mentioned process was modified, considering
the parameters used in several steps, to reach the desired thickness of the components of
the device.

It should be kept in mind that MZIs have a sinusoidal transmission function (TMEF),
allowing for an approximate linear response of the device only in the vicinity of the
inflexion points of the TMF and that this is where the bias point should be adjusted prior
to the measurements. There are several methods to accomplish this task, in most cases
via tuning the optical path length along one of the arms. Previously, we have used an
optical solution [19]; however, here, controlled heating near one of the branches of the
MZI was applied. By using a surface-sputtered heating wire close to the reference arm of
the MZI, we can modify the environment’s temperature and thus tune the device’s bias
point. According to our experience, the heating effects remained restricted to the area
of the heating wire that was more than 1600 um away from the proximal adlayer area
(and even further away from the distal ones), leaving enough space for dissipation. This
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solution resulted in an improved stability of the bias point during the measurements. In
order to accomplish this task, a glass substrate covered by a gold heating wire structure
was used, based on the method applied for surface electrode fabrication [19]. As a first
step of the device fabrication, a 20 nm thick surface gold heating wire (1 k(2 resistance)
capable of performing MZI’s bias-point tuning was prepared on a microscope coverslip
(Menzel-Glaser, Thermo Fisher Scientific, Waltham, MA, USA). Then, a rib waveguide
stripe (SU-8 2002, MicroResist Technology GmbH., Berlin, Germany) of 2 x 2 pm was made
on the mentioned glass substrate, forming the sensing optical interferometer structure in
such a way that one of the arms was placed in the vicinity of the wire, as can be seen in
Figure 1a.

Oscilloscope
( : ) Exciting light ,'
MZ|

Laser . PMT
diode PYP film Heating

wire z ;

Power supply

|445nrn' UpG

@)
/\ f
l205nm* O G
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Figure 1. (a) Schematic representation of the measuring IO device, the MZI with the PYP adlayer
and the heating wire for bias-point adjustment. (b) Simplified photocycle of the PYP film, with the
ground state (pG) and the rate-limiting intermediate (pB). (Schematic PDB-structures are indicated
for demonstration.) Long, continuous excitation with blue light results in the development of a
pG-pB equilibrium. The figure was created by Biorender.com.

In the device’s ready-to-use construction, the substrate was glued on a microscope
slide (Menzel-Gléser, Thermo Fisher Scientific, Waltham, MA, USA) using NOAS81 optical
adhesive by exposing the layer with a mercury arc lamp (100W, HBO 100 Zeiss, Jena,
Germany). To apply the tuning capability of the heating wire, electric wires were connected
by droplets of conducting epoxy (CW2400 CircuitWorks® Conductive Epoxy, Chemtronics,
Kennesaw, GA, USA) to the side contact pads of the gold structure. These were connected
to the DC power supply (VLP 2403pro, Conrad Electronic, Hirschau, Germany), to perform
the bias-point tuning.

2.3. Experimental Setup

A schematic representation of the experimental setup can be seen in Figure 1a. As a
measuring light (referred to as a probe light), we used a green laser diode (532 nm, 50 mW,
Roithner, Wien, Austria), which was coupled inside the single mode MZI by a single-mode
optical fiber (S630-HP, Thorlabs GmbH, Liibeck, Germany). The fiber was positioned to
the MZI’s input with a micropositioner (DC-3K, Mérzhéduser Wetzlar GmbH & Co. KG,
Steindorf, Germany) and its optimal position was fixed with photopolymer glue (OP-66-LS,
Dymax Europe GmbH, Wiesbaden, Germany). The same method was used for coupling
the light out from the device. The stock solution of the PYP—glycerol mixture was pipetted
on both arms of the interferometer, in ~1 mm diameter patches, before drying. To excite
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and control the PYP photocycle, we used two different continuous laser beams (445 nm,
4/44 mW and 405 nm, 21.7 mW at the sample). The scheme of the simplified photocycle
model is shown in Figure 1b. The duration of excitation was varied between 2 and 14 s.
PYP films were deposited on both arms of the MZI but only one of them was excited at a
time. For tuning the MZI’s bias point, the voltage of the heating wire was varied between
0-4.6 V.

To measure the transfer characteristics of the MZI, its output was coupled to an optical
fiber guiding the measuring light into a photomultiplier tube (H5783-01, Hamamatsu,
Japan), from which the signal was transmitted to and recorded by a digital oscilloscope
(LeCroy 9310-L, LeCroy, Chestnut Ridge, NY, USA). The voltage on the heating wire was
controlled by a variable DC power supply (VLP 2403pro, Konrad Electronics, Hirschau,
Germany). During each measurement, the ambient temperature was kept at 23 °C, with a
relative humidity of 33%.

3. Results
3.1. Calibration of the MZI Bias Point

We first measured the transmission characteristics of our MZI by steadily increasing
the voltage applied to the heating wire from 0 V to 3.5 V while detecting the intensity of
the 633 nm probe light at the output of the interferometer (Figure 2). The heating caused
a local thermal dilatation of the nearby waveguide area, resulting in an increase of the
effective optical path length of the reference arm of the MZI, thereby introducing a phase
difference between the light beams interfering with each other at the joint of the output side.
The MZI’s sensitivity is proportional to the first derivative of the sinusoidal transmission
function, meaning that the sensitivity is smaller at the extremes, while it is the highest at
the mean light intensity, compensated to an artificial zero output level by an offset voltage
of the amplifier (“zero-intensity points” in Figure 2), where the derivative is the largest. By
fine-tuning the power dissipated by the heating wire, one can adjust the bias point of the
interferometer, before measurements, to one of these points of maximal sensitivity. One
should note that changes in the ambient conditions (such as temperature and humidity)
might cause a baseline drift (and an accompanying sensitivity change), so a careful control
of these parameters is necessary to perform the experiments. In our case, the baseline drift
could be kept on a negligible level during the time scale of the experiments (typically the
10-s to several minutes scale) by using the method of stationary local electric heating. The
slight baseline drifts that still occurred during the present experiments could be attributed,
rather, to local heating effects due to the several-second-long illumination of PYP films.
Note that similar phenomena were observed while performing analogous experiments
with bR, too [4]. Such effects, however, should play even less of role in future fast-switching
experiments.

3.2. Demonstration of All-Optical Switching

To demonstrate all-optical switching, the intensity changes of the probe light were
monitored, while PYP was excited by 405 nm continuous illumination. Prior to illumi-
nation, the bias point was properly adjusted to the “zero” level (Figure 2) by tuning the
heating voltage to 4 V and keeping it constant during the whole period of detecting the
output intensity of the MZI over time. The wavelength of the probe light was chosen
to be 532 nm, so as to stay outside of the absorption range of the ground state and the
intermediates of the PYP photocycle, respectively (Figure S2a), while still being in the
high-refractive-index regime near the absorption peaks (Figure S2c). We used a 2 s long
illumination and a subsequent 2 s break, during which no exciting light reached the sample.
The significant changes of the measuring light level between the light and dark periods
indicate that all-optical switching works properly (Figure 3) and that the bias point at
4V heating voltage suffered only negligible drift. According to a brief interpretation of
the observed phenomena based on a simplified reaction scheme of the PYP photocycle
(Figure 1b), a steady-state equilibrium between the ground state (pG) and the rate-limiting
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intermediate (pB) was formed about 2 s after excitation, in accordance with our earlier
results [11], establishing a corresponding refractive index change of the protein-film ad-
layer (Figure S2c). After another 2 s of the dark period, most of the protein returned to
the ground state, which, upon re-excitation, yielded the same signal as when exciting the
sample for the first time (Figure 3), demonstrating the repeatability of switching. (A more
detailed explanation of the effects is given below, in the Discussion section.)
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Figure 2. Transmission function of the MZI recorded by a 532 nm probe light, while increasing
the heating voltage steadily from 0 to 4.6 V. Prior to each switching experiment, the bias point was
adjusted to the zero level.
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Figure 3. Demonstration of switching I. Light intensity measured at the MZI’s output with two
consecutive 4 s square-wave excitations. Excitation light: 445 nm, 4 mW; probe light: 532 nm; duty
cycle: 50%; heating voltage: 4 V for adjusting the bias point. The blue line represents the original
signal, while the red line corresponds to the filtered one. Cyan color shades indicate the periods of
445 nm illumination.

3.3. Controlling the Photocycle of PYP by Two Excitation Lights

The photocycle of PYP contains at least one light-induced shortcutting route, namely,
a preferential excitation of pB drives back the molecule to the pG state [13], as shown
schematically in Figure 1b. This phenomenon offers another degree of freedom to control
PYP-based all-optical switching. Here, we demonstrate this opportunity by a combination
of quasi-permanent illuminations.
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0.06

First, we excited the PYP film with a weak (4 mW), 445 nm light for 3 s, which was
followed by a relaxation in the dark, then another 3 s excitation at 405 nm (Figure 4a).
Here, we can see that illuminations at both wavelengths were able to effectively excite the
protein in the ground state and accumulate pB, as explained before, in agreement with its
absorption spectrum (Figure Sla). The size difference of the two signals can be attributed
to the much higher intensity of the 405 nm light (27 mW) that was overcompensating for
the higher absorption cross section at 445 nm (4 mW).

0.04 -

0.02

Output light intensity [a.u.]

0.00

0.50
3
< 0254
2
w
c
8
£ 0.00 sy
E
=
3 0.25-
S
o
050 L e
0 5 10 15
Time [s] Time [s]
(a) (b)

Figure 4. Demonstration of switching II. (a) Light intensity measured at output of the MZI, when the sample was first

illuminated by a 445 nm (4 mW) excitation beam for 3 s. Then, after a dark period of 6 s, PYP was re-excited with a 405 nm

illumination (27 mW) for 3 s. The bias voltage was set to 2.1 V. (b) Measured output signal of the MZI with 14 s excitation

by a strong (44 mW) and continuous 445 nm light while, from 7 s, also exciting the film for 4 s by a 405 nm continuous

light. The blue line represents the measured data, while the red is the filtered curve. The wavelength of the probe light

propagating in the MZI was 532 nm in both cases. Color shades indicate the periods and wavelengths of illumination (cyan

and violet for 445 nm and 405 nm, respectively, striped pattern for both). To facilitate understanding of the observed effects,

we have now also indicated the states of the photocycle of PYP contributing to a greater or lesser extent (indicated by the

size of the caption) to the actual effect, represented by different phases of the registered traces.

When, however, a strong 445 nm excitation was used (44 mW), a higher-level steady
state was formed and the subsequently superimposed 405 nm excitation resulted in a
quenching of the effect (Figure 4b), demonstrating that switching effects based on PYP films
can be further controlled by a combination of illuminations. A more detailed explanation
of the kinetic effects is given in the next section.

4. Discussion
4.1. Model Calculations

To interpret the registered kinetic traces, let us consider a typical scheme for photoex-
citable disordered systems, where a primary absorption is followed by thermally driven
processes, such as the stabilization of the light-induced conformational change and a subse-
quent relaxation [20-22]. While a single-photon absorption process is considered extremely
fast, on the level of population of atoms or molecules the primary reaction is described
by a rate constant that is proportional to the excitation light intensity (I) and an efficiency
factor (o), including the absorption cross section; on the other hand, the thermal processes
are assumed to be light-independent [7,20-22]. This general scheme holds for light-driven
chromoproteins as well; however, here, the thermally induced relaxation process is usually
more complex than, e.g., in semiconductors [7]. (For PYP, such a complex, though not
complete, model is shown in Figure S1 and the corresponding kinetic equations are shown
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[pB] = PGo-lsssnm: (

in Supporting Information.) Note, however, that in a first-order unidirectional reaction
scheme, the slowest (rate-limiting) transitions dominate the kinetics. If, e.g., the I.o for a
light-driven reaction is much smaller than the rate constants of the subsequent thermal
transitions, the contribution of the latter to the transient or equilibrium population of the
intermediate states is negligible. Hence, at the relatively low light intensity levels provided
by the continuous-wave lasers used in our experiments, we consider a simplified photo-
cycle scheme, keeping only the ground state (pG) and the rate-limiting pB intermediate,
accumulating to the largest extent under such circumstances (Figure 1b). (The differential
equation system describing the kinetics is also reduced in this case, accordingly.) For the
light-induced reactions under stationary illumination at 445 and 405 nm, we can introduce
the quasi-first-order rate constants Is45nm-0pG and lyosnm*0pB, respectively. (Here Lyssnm
and Iysnm denote the continuous blue and violet light intensities, while opg and opp
include the absorption cross sections and the quantum efficiencies of the light-induced
photocycle reactions at 445 and 405 nm, respectively.) The rate constant of the thermally
induced decay of the pB intermediate is denoted by k,g. Under continuous blue-light
illumination (and in the absence of violet light), the equilibrium concentration of pG and
pB can be expressed as follows:

0pG kpp
P and [pG] = PGO'I445nm' (1445 'GpG T K B) ’

[pPB] = PGo-Luasnm- 1)

Lyg5nm- 0pG + 1<pB

where [pG] and [pB] are concentrations of the ground state and the pB intermediate,
respectively, while PGy = [pG] + [pB] and d[pG]/dt = d[pB]/dt = 0.

If both the blue and the violet lights are present, the photocycle scheme becomes
somewhat more complex: the pG to pB transition will now be driven by the sum of two
rate constants (Iy4snm*0pG + L405nm* 0pGa0s), where opGa05 stands for the absorption cross
section of pG at 405 nm. The apparent rate constant of the pB to pG transition will be
similarly modified to lysnmOpBassnm + laosnm 0pG. It is, however, evident from Figure
S2a, that opG405 < 0pG, while on the other hand, oppssnm << opp. Being the blue and
violet excitation light intensities of the same order of magnitude, we can end up with
the following formula for the approximate concentrations of PYP states under two-color
excitation:

GpG kPB

Ly45nm *0pG + Laosnm:0pB + KpB)

, and [pG] = PGo-lygsnm"

ey
)

(Ta45nm-0pG + L405nm-0pB + KpB

When exciting the pG ground state—which has an absorption maximum at 446 nm—
with sufficiently high light intensity (i.e., if I445nm*0pg >> kpp), a steady-state equilibrium
between pG and pB is established according to (1), with the PYP primarily being in the pB
state, since the Iyys5nm - 0pG contribution is dominating the kpp kinetic constant. From what
we have seen in previous experiments, too [12], the steady state forms in the matter of a
few seconds under such conditions, while the protein returns fully to the ground state after
excitation ceases. If we use two different wavelengths for exciting the sample, choosing
one to target, rather, pG, and another to target, rather, the pB intermediate, we can shift the
concentration ratio of intermediates in the formed steady state. By introducing lyosnm*0pB
into the rate equation we preferentially excite the dominant pB state, inducing a shortcut
reaction back into pG [13]. The equilibrium concentration of pB and pG in this case are
given by equation (2). The absorption spectra of the ground and intermediate states of the
photocycle are shown in Figure S2a, from which, the corresponding difference absorption
spectra can be determined (Figure S2b) and the refractive index difference spectra can be
calculated according to the Kramers—Kronig relations [23] (Figure S2c).

The corresponding light-induced refractive index change of the PYP adlayer adsorbed
on the MZI induces a phase shift in the measuring arm of the MZI, resulting in an intensity
change at the output. The steady state, formed by using both excitation wavelengths
simultaneously, has a different refractive index than that formed by illuminating the film at
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only one wavelength. This phenomenon makes a detectable output intensity difference
between the two states, which is utilized in our switching experiments. The transient
positive and negative peaks in Figure 4b must have different routes. The latter we attribute
to a transient accumulation of pR, a red-shifted photocycle intermediate (Figure S1), at high
445 nm intensities before decaying to pB, dominating the steady state [10]. On the other
hand, the positive peak followed by the switch-off is probably due to a shortcutting effect
of the 445 nm light itself, exciting the accumulating intermediate(s) at high intensities.

4.2. Evaluation of Kinetics

Although, in the equations presented in this chapter, we deal only with steady-state
concentrations and did not intend to solve the complex, coupled differential equation
system describing the photocycle kinetics (Supporting Information), some straightforward
statements can still be made for the kinetics of rate-limiting reactions. In case of all
transitions to the dark state after illumination, e.g., the slowest rate of the thermal reactions
of the photocycle, namely, the pB to pG transition, is supposed to determine the time
constant of relaxation. In fact, the results of the exponential fitting of these phases in
Figures 3 and 4 all show a similar value within the estimated uncertainty limits of the
experiments and evaluation (1.2 &+ 0.2 s). This value is actually also congruent with the
findings of earlier measurements on similar samples [12]. In the case of transitions to light-
driven equilibria of various photocycle intermediates, on the other hand, the observed
rates are always a mixture of virtual rate constants, due to the illumination driving the
initial population towards a new equilibrium (I*o) and a thermal rate constant (k), i.e.,
Kyirtual = I¥0 + k, as is discussed above, too. This means that these transitions should
normally be faster than the ones discussed before. In fact, fitting the rising phases of the
light-induced signals yields shorter time constants (T;ise) than the ones corresponding to
relaxations. In addition, the rates belonging to the same transitions normally increase by
increasing intensity of excitation, as expected from the above equation (Tyjge = 600 £ 100 ms
for the 4 mW excitation at 445 nm and Ty = 200 & 40 ms for the 27 mW excitation at
405 nm. (Note that in the latter case, the higher intensity overcompensated the smaller
absorption cross section (0).) The kinetics of the PYP photocycle, however, get more
complex when light-induced back-reactions are also involved, either due to a simultaneous
excitation at two wavelengths, or to an excitation of more than one intermediate by the
same excitation light (Figure 4b). The latter occurs, e.g., when a high-intensity illumination
can compete with the pR to pB decay, resulting in the accumulation of pR. However,
because of the highly overlapping spectra of pG and PR, the 445 nm excitation light drives
back a considerable population of pR to pG before being able to get further to pB, following
the normal pathway of the photocycle. This effect actually results in a slow-down of the
formation of pB populations, even at high intensities of the excitation light. Right after
switching off the strong 445 nm illumination (Figure 4b, near 14 ms), however, we see a fast
rise (40 ms), which is due to the population of molecules that have been driven out from
the ground state (pG) and, in the absence of a back-reaction, reach the pB state rapidly.

Although establishing a comprehensive model for the in-depth, quantitative descrip-
tion of the phenomena is beyond the scope of this short, application-oriented study, we
could show that the PYP photocycle can be controlled by various illuminations. This
allows for a sort of dynamic “programing” of PYP-based NLO materials by light, a po-
tentially utilizable feature in future IO applications. According to our experiments, the
light-induced intensity changes accompanying the PYP photocycle cover a major part of
the full dynamic range of the Mach—Zehnder interferometer (Figures 2 and 4b), clearly
proving the IO switching ability of PYP-based NLO films. Comparing the results with
those of switching experiments carried out on a Mach-Zehnder interferometer structure
doped by bR films also shows that the quality of the traces obtained by the two experiments
are rather similar [4].
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4.3. On the Opportunity of Increasing Switching Speed

Based on the present results and those of some recent publications [12,24], it can also
be envisioned that, similarly to the case of bR, ultrafast all-optical switching by PYP films
as NLO materials should be feasible. On the one hand, the kinetics analysis of our results
under 4.2 implies that increasing the intensity of the excitation light increases the switching
speed as well. However, we also saw that at higher light intensities, one should consider a
more detailed photocycle scheme, including the faster-forming and decaying intermediates
(Figure S1). On the other hand, Konold et al. have recently shown that large absorption
changes occur in PYP samples after a strong, 50 fs excitation, still in the femtosecond time
scale [24], where a blue-shifted intermediate (called “ES”, after “excited state”) develops.
On the ns to us time scale, it transforms to a red-shifted intermediate (pR) (Figure S1), which
is known to transform later to a blue-shifted pB in the course of milliseconds [25] at room
temperature (Figure S1). The absorption spectra of the pR and pB intermediates have been
determined from kinetic experiments [25] (Figure S2a). From the Kramers—Kronig relations
of optics, connecting the real and imaginary parts of the complex refractive index, one can
then calculate the corresponding refractive index spectra [23] (Figure S2c). Although the
full absorption spectrum of the ES intermediate has not been published yet, the relative
sizes of the light-induced differential spectra of ES, pR and pB (Figure S2b) imply that the
amplitude of the refractive index change associated to the pG to ES transition will most
probably exceed those of the pG to pR and pG to pB transitions. Since the results of the
present paper prove that refractive index changes associated with the pG to pB transition
are sufficient for integrated optical switching, it can be safely stated that it should be also
true for the pG to ES transition, which takes place on the femtosecond time scale, similar to
the bR-I transition of bacteriorhodopsin [7]. Hence, it can be anticipated that an ultrafast
integrated optical switching based on the primary phototransition of PYP should also be
feasible to demonstrate at high-intensity short-pulse excitations with a proper femtosecond
setup.

5. Conclusions and Outlook

Our results demonstrate that dried films of PYP can be used for all-optical IO switch-
ing because of the favorable nonlinear optical properties of the protein film. For PYP, being
water-soluble and smaller than the bR membrane patches used previously theoretically
enables its combination with special IO passive elements where the application of bR is
not possible (e.g., with porous silicon—pSi—structures). According to a solid functional-
ization protocol developed for pSi structures, they can accommodate a variety of soluble
proteins; as it has already been demonstrated for a couple of proteins of various sizes and
compositions [26,27], so it is expected to be achievable for PYP as well.

The small size and water solubility are not the only properties that distinguish PYP
from bR and allow for its unique applications. Another important feature is the different
spectral range of the main absorption bands and refractive index changes, which are blue
shifted in PYP by ca. 100 nm as compared to bR, making a complementary spectral range
available for IO operations using biophotonic film as active, nonlinear optical materials.

For utilization in telecommunication, however, much faster switching procedures are
usually required, since the present state of the art for solid-state NLO materials is in the
subnanosecond range [28]. Similarly to the case of bacteriorhodopsin [7], the light-induced
primary photocycle reactions of PYP [24] theoretically allow for such a short switching
time regime, whose demonstration should be the subject of follow-up papers.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/bios11110432/s1, Figure S1. A simplified scheme of the PYP photocycle, including the
light-induced and thermal reactions, represented by undulated and solid arrow lines with the
corresponding rate constants, respectively. I and o represent the light intensity and the absorption
cross sections, pG stands for the ground-state pigment and ES is the blue-shifted first excited state
forming on the 10 fs time scale at high I intensities and decaying to the red-shifted pR on the
nanosecond to microsecond time scale (Konold et al.). pR decays further to the blue-shifted pB
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on the 1 ms to 100 ms time scale (Khoroshyy et al., Krekic et al., 2019). Both pR and pB can be
driven back by photoexcitation to pG. A differential equation system describing the kinetics of the
concentrations of the photocycle intermediates is also presented. Figure S2. (a) Absorption spectra of
the ground state (pG, black), an early intermediate (pR, red) and the rate-limiting intermediate (pB,
blue) of the PYP photocycle, as determined from absorption kinetic experiments (Khoroshyy et al.).
(b) Difference-absorption spectra of pR (red) and pB (blue), as compared to the ground state (pG).
(c) Calculated change of the refractive index spectrum upon the rate-limiting pG — pB transition
(underlying the effects described in the main body of the paper), using the Kramers-Kronig relations.
For more details, see Fabian et al.
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Abstract: Since the outbreak of the global pandemic caused by severe acute respiratory coronavirus 2
(SARS-CoV-2), several clinical aspects of the disease have come into attention. Besides its primary
route of infection through the respiratory system, SARS-CoV-2 is known to have neuroinvasive
capacity, causing multiple neurological symptoms with increased neuroin ammation and blood
brain barrier (BBB) damage. The viral spike protein disseminates via circulation during infection, and
when reaching the brain could possibly cross the BBB, which was demonstrated in mice. Therefore, its
medical relevance is of high importance. The aim of this study was to evaluate the barrier penetration
of the S1 subunit of spike protein in model systems of human organs highly exposed to the infection.
For this purpose, in vitro human BBB and intestinal barrier cell culture systems were investigated
by an optical biosensing method. We found that spike protein crossed the human brain endothelial
cell barrier effectively. Additionally, spike protein passage was found in a lower amount for the
intestinal barrier cell layer. These observations were corroborated with parallel speci ¢c ELISAs. The
ndings on the BBB model could provide a further basis for studies focusing on the mechanism and
consequences of spike protein penetration across the BBB to the brain.

Keywords: biosensor; Caco-2 cells; coronavirus spike protein; human brain endothelial cell; inte-
grated optics; Mach Zehnder interferometer; permeability; tissue barriers

1. Introduction
1.1. Scienti ¢ Background and Purpose of the Study

Atthe end of 2019, a novel respiratory coronavirus was reported by Chinese authorities,
which we know now as the severe acute respiratory syndrome coronavirus 2 ( SARS-CoV-2,
causing a global pandemic. Infection occurs primarily by the inhalation of the virus,
which can spread through epithelial and endothelial barriers to multiple organs, leading
to systemic in ammation [ 1]. It has been established that the binding of the CoV-2 spike
glycoprotein to angiotensin-converting enzyme 2 (ACE2) triggers penetration of the virus
into endothelial and epithelial cells [ 2]. While the S1 subunit of the spike protein is
responsible for anchoring the virion by binding to the ACE2 cellular receptor of the host
cell, the S2 subunit enhances the fusion of the viral and the host cell membranes. The fusion
is mediated by the S2 subunit that is activated by the transmembrane protease serine 2
(TMPRSS2) cleaving the spike protein at the S1/S2 sites (Figure 1).
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Figure 1. The schematic representation of the SARS-CoV-2 and its surface spike protein structure
with their structural descriptions and detailed mechanisms of the viral entry to cells during infection.
Spike protein plays a crucial role in this process. While S1 subunit is responsible for anchoring the
virion by binding to the cellular receptor angiotensin-converting enzyme 2 (ACE2) of the host cell, S2
subunit enhances the fusion of the viral and the host cell membranes. The fusion is mediated by the
S2 subunit that is activated by the transmembrane protease serine 2 (TMPRSS?2) cleaving the spike
protein at the S1/S2 sites. Adapted from “An In-depth Look into the Structure of the SARS-CoV2
Spike Glycoprotein”, “Human Coronavirus Structure” and “Mechanism of SARS-CoV-2 Viral Entry”

by BioRender.com (accessed on 30 November 2021) [3].

It is well known that, among other targets, SARS-CoV-2 has a strong neuroinvasive
capacity causing multiple neurological symptoms [ 4] with increased blood—brain barrier
(BBB) damage and neuroin ammation [ 5]. There are some indications, however, that not
only the SARS-CoV-2 virus but also its S1 spike glycoprotein alone may be responsible for
a major part of these problems [6-12]. It has been shown that the CoV-2 spike protein or its
subunits can be relatively easily detached from the virion, due to enzymatic cleavage [ 6]
or heat stress [7]. As a corollary, S1 spike protein subunits can be detected from the blood,
and S1 protein serum levels are associated with the severity of the disease [B]. Moreover,
the S1 spike protein can activate platelet aggregation [9], leading to symptoms similar to
heparin-induced thrombocytopenia [ 10]. The Toll-like receptor signaling pathway can be
stimulated in macrophages [ 11], and endothelial function can be impaired via a similar
route by the S1 spike protein [12].

Due to the medical relevance and the pathological importance of the S1 spike protein,
its detection in the blood stream during infection has come into attention by different
methods. It has been shown that the S1 protein of the SARS-CoV-2 crosses the BBB in
mice, both when administered intranasally or intravenously [ 13]; however, the penetration
of the S1 spike protein has not been proven on human models of biological barriers. In
our present study, we investigated the passage of the SARS-CoV-2 S1 spike protein across
cell culture models of the blood—brain and intestinal barriers by using a sensitive optical
biosensor system.
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