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Abstract

With optical biosensors based on planar optical waveguides, much progress was achieved in the last
decade. Due to their high sensitivity, small size and good ability for integration, waveguides of microring
resonator shape were identified to be especially suited for biosensor applications. Biosensing with
microring resonators is typically carried out with reliable but bulky lab tools. Sensors are typically not
integrated in portable sensor systems with a microfluidic system, laser source, detector as well as grating
couplers. For point-of-care testing (POCT), these peripheral components are essential for an independent
system usage. The biosensor system proposed in this work is based on a sensor chip with functional,
polymeric microring resonators. With multilevel grating couplers, a miniaturized microfluidic system and
cost-efficient UV-based nanoimprint (UV-NIL) manufacturing technology, the biosensor system has a high
potential for further miniaturization and the use for POCT. The main focus in this work is the integration of
a microfluidic system that allows the supply with analyte solutions and the processing of automated bio-
sensor experiments. The influence of the microfluidic system on the sensing performance is discussed.

1. Introduction

Because of their high sensitivity and ease of integration, optical sensors based on integrated waveguides
have been strongly put forward in the last decade [1]. Especially microring resonator shaped waveguides
have been of interest, due to their independence to the waveguide interaction length and their
advantageous transmission curve with steep slopes for high sensitivity sensing (Fig. 1).
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Fig. 1: Transmission curve for a biosensor experiment before and after binding of biological molecules
for a typical polymer-on-SiO2> waveguide (a) calculated after Yariv [2] assuming critical coupling,
and power intensities of a non-resonant (fop) and resonant (bottom) microring resonator (b).

Due to the small microring resonator footprint with diameters of typically some 10 um, the integration in
arrays is possible, allowing parallel measurements with multiple microring resonators [3]. Since the active
ring surface area, that needs to be covered with biological analyte is small, the amount of analyte can be
further reduced. The sensitivity for biosensing with microring resonators depends particularly on the
quality factor of the microring, which can be increased by design and manufacturing optimization [4-6].
Ultra-low limits of detection of as small as 1.5 pg/mm?2 were extrapolated from measurements with planar
silicon microring resonators [7], being equal to state-of-the-art surface plasmon resonance based
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biosensing. For optical microresonators with a 3-D toroidal shape, even single molecule detection was
achieved [8]. For this type of optical microresonator, due to the free-standing toroidal shape, in- and
outcoupling need to be carried out manually by tapered fibers. This is impossible for a portable POCT
device that is operated by layman personal. A less sensitive design with planar microring resonators
needs to be used. Typically, microring resonators for biosensing are made out of silicon with silicon-on-
insulator technology [3, 7]. They are usually manufactured with high-resolution lithography and dry
etching, which is costly and time-consuming. If polymer materials are used as waveguides, nanoimprint
lithography (NIL) can be used for a potentially large volume production of low-cost biosensor chips. NIL is
a direct patterning method for polymer micro and nano systems [9, 10] and allows the cost-efficient
manufacturing of structures in the sub-300 nm range with aspect ratios of up to 10:1. UV-assisted NIL
(UV-NIL) as used in this work, compared to thermal based NIL (T-NIL), offers an easier processing by
using low-viscous imprint materials and the ability to add functional monomers for surface functional
groups [11, 12].

For POCT with portable waveguide biosensing devices, peripheral parts of the system for aqueous
solution supply and laser in- and outcoupling, play an important role for the independent operation of the
system. One of the most critical points of the optical signal path is the light guiding to and from the optical
chip. The planar optical waveguides on the chip have smaller mode diameters than the single-mode
fibers used for light guiding to the periphery. Grating couplers enable coupling perpendicular to the chip
surface, which improves the design flexibility, compared to butt- or prism-coupling. Grating couplers
provide a large positioning tolerance by maintaining a high efficiency [13].

Most biosensors measure the analyte in an aqueous sample solution during the sensing experiment and
therefore need a fluidic system. Industrially used fluidic systems are designed to be robust and
controllable what makes them large and difficult to integrate. Many integrated approaches on the other
hand are miniaturized, but only for short-term and low-pressure use. An example for a commercially
available solution is the SmartFlow fluidic system [14], which is a stand-alone fluidic system that provides
profiled flow rates. However, it is not miniaturized and difficult to integrate in an automated biosensor
system. Further fluidic solutions are the systems of the companies GeSiM [15] and Syrris [16], partially
used for automated analytical applications. In another study, LEGO® Mindstorms® NXT components are
used to create a fluidic system [7]. All these systems are usually adapted for specific applications but are
rather large or mainly manually controlled. We have developed a fluidic system that is miniaturized and
robust, and allows the automation of entire biosensing experiments. For an immunoassay type of bio-
sensing, a sequence of several process steps with sample, antibody and buffer solutions is necessary. An
exemplary sensing experiment cycle is shown in Fig. 2. A first washing step of the sensor surface with
buffer solution is followed by injection of a receptor solution. The receptors bind or adsorb on the sensor
surface. Another washing step with buffer solution rinses away unbound receptors. The analyte mole-
cules then bind to the receptors. To covalently bind receptors onto the surface, functional monomers are
embedded within the waveguide polymer [12] or a preceding surface functionalization step of the optical
microring resonator biosensors is carried out [17].

Injection of Injection of Injection of
WS )| receptor DD blocking WS analyte D
solution solution solution

Fig. 2: Process flow of a typical biosensing experiment that can be carried out in a fully automated
mode, including several washing steps (WS) with buffer solution, and an optional blocking step
to improve selectivity.

In this work, we propose a biosensor system with multilevel grating couplers and a miniaturized micro-
fluidic system. UV-NIL is used as a cost-efficient manufacturing technology. The main focus in this work is
the integration of a microfluidic system that allows the supply with analyte solutions, and the processing of
automated biosensor experiments. The influence of the microfluidic system on the sensing performance
is discussed.

2. Polymer Microring Resonator and Multilevel Grating Couplers

Microring resonators consist of optical waveguides and have a characteristic transmission spectrum with
resonance maxima or minima, depending on the setup with or without a drop waveguide [9]. The
transmission spectrum shifts with surrounding media changes, i. e., the binding of biomolecules in the
case of biological sensing (Figs. 1, 3).
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Fig. 3: Basic principle of affinity biosensing with polymer microring resonators: Structuring by UV-assisted
nanoimprint lithography (a), biosensing by measuring of the transmission change during binding of
the analyte (b) and specific binding of the analyte (antigen) to receptors that are covalently
immobilized onto functional polymer waveguides (c).

Polymer waveguides need to have good mode confinement, which has to be considered during the de-
sign process. This is particularly important for microring resonators, where a decrease in the waveguide
loss means a better detection limit. The optical design challenge, when applying NIL-manufacturing, is the
limited aspect ratio and the use of low refractive index (RI) polymers, e. g., acrylates, especially for UV-
NIL. The waveguides in this work were designed by analytical calculations using an adapted effective
refractive index method [18] and finite elements simulations (FEM).

Fig. 4 shows a mode diagram, calculated with the adapted effective refractive index method [18], to
determine suitable waveguide geometries and waveguide polymers. This diagram can also be displayed
for a different substrate material. The area between the fundamental mode (00) and the first modes in x-
direction (10) and y-direction (01) represents the operating range for single mode propagation of a
straight waveguide. LL displays the smallest waveguide and refractive index combination, where the
coupling condition between two waveguides is fulfilled. This is necessary for the function of microring
resonators, where modes couple between the bus and ring waveguides. UL shows the cut-off for the
undesired higher modes during coupling. The colored area in the mode diagram between LL and UL
defines the desired operating range including the fulfilled approximated coupling condition.

To connect the microring resonator element to a source and a detector, grating couplers are used.
Thereby, shallow gratings in a waveguide (Fig. 5, (1)) ensure the mode size conversion from an optical
fiber in perpendicular chip direction. Further, adiabatic tapers (Fig. 5, (2)) convert the mode in lateral
direction. This setup facilitates the incoupling of the laser and outcoupling to the detector and thus
enables the potential use as exchangeable single-use sensor chips.
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Fig. 4: Mode diagram for waveguides with a quadratic Fig. 5: Concept using grating couplers (1) and
cross-section (parameters: SiO» undercladding adiabatic tapers (2) for coupling from optical
layer; at wavelength /. = 1550 nm; TE polarization) single mode fibers (3) to planar microring
showing the desired operating range. resonators (4).
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3. Residual layer free and Multilevel UV-Nanoimprint Manufacturing

A functional monomer system based on acrylates was developed [12]. The concentration of the functional
monomer was altered to obtain different concentrations of surface-functional groups. After structuring by
UV-NIL, hydroxyl groups should be accessible for covalent receptor immobilization without post-imprint
treatment. Specific covalent binding of small molecules could be shown (Fig. 6). To avoid the NIL inherent
polymer residual layer, hybrid nanoimprint molds were used. Chromium layers are used to block the light
in unstructured areas, and thus prevent the underlying residual layer from cross-linking. Freestanding
polymer structures were obtained on opaque substrates (Fig. 7).

14 4 Tagging molecule E lg
12
10+ r6
2 84 S
5 Ha
& 61
1 2
2% —=—abs. fluorine concentration (c.)
—e—functional density (F)
0 T T

T T R S TRt

0 10 20 30 40 50 60 70
Substitution by functional additive [%]

Fig. 6: Proof of specific binding of fluorinated tags  Fig. 7: Microring resonator with a gap g = 280 nm

onto hydroxyl terminated surfaces for (inset) and a residual layer free microring
different amounts of the functional additive. resonator with g = 350 nm.

The optical grating couplers are patterned in the same fabrication step as the microring resonator
structures using UV-NIL. For this purpose, a special multilayer mold is used. For the production of these
molds, a fabrication method was proposed [19], which ensures the necessary in-plane and out-of-plane
resolution needed. Fig. 8 shows realized microring resonator structures with different height levels for the
ring and the input waveguide.

Fig. 8: Scanning electron micrographs of residual layer free polymer replication of multi-
layer NIL-molds showing a microring resonator, having a different height than the
input-guide (top of the picture) (a) and a cross-section of a multilevel polymer
structure (b).

4. Biosensor System with Integrated Microfluidic System

The here proposed biosensor system is based on a sensor chip with functional microring resonators for
covalent binding of receptors. An optical/electronic part and a fluidic part are combined (Fig. 9). The aim
of the fluidic system is to provide a miniaturized system for use within the optical biosensor system.

The fluidic system (Fig. 9) is based on a commercially available membrane micropump with inlet and
outlet valves as well as magnetic microvalves for switching between the respective sample and other
liquids. A fluidic board with fluidic channels was designed and is used for the mounting of the micro
valves. With the multiple implemented connections, e. g., a receptor, sample and buffer solution can be
accessed. This way, an entire measurement cycle for an immunoassay-like biodetection method (process
flow shown in Fig. 2) can be processed fully automatedly. A valuable feature of the system is the swit-
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ching ability between an injection mode (Fig. 9, A), which allows the input of the different liquids, and a
cycle mode. The cycle mode (Fig. 9, B) allows using smaller sample and test liquid volumes. The lab
setup of the fluidic system is shown in Fig. 10. The fluidic system is controlled with standard lab control
software Labview®. The flow rate can be adjusted and alters the switching frequency of the pump valves.
If only very small volumes of a sample are at disposal, the system can be adapted (Fig. 11) so that the
analyte consumption is reduced by shorter tubes and an alternating forward-backward flow direction. If
steps with additional fluids are needed in a sensing experiment, the fluidic board can be easily extended
with more valves.

Apart from refractive index changes in the surrounding media, microring resonator sensors are also
sensitive to mechanical vibrations, e. g., caused by pumps and valves, as well as the pulsation of a fluid
flowing over the microring waveguides. Both influences will cause small changes to the shape of the ring
and thus will alter its resonant wavelengths. Another influencing factor is the temperature, mainly of the
sample flowing over the sensor surface.
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Fig. 9: Schematic overview of the optical biosensor system. Sensing is influenced by cross-sensitivities to changes
in the alignment positions, flow rate, microring temperature and the absorption/desorption of matrix
molecules (e. g. proteins) of the sensing solution.

For the fluidic system, the materials ethylenetetrafluoroethylene (ETFE, fittings), polydimethylsiloxane
(PDMS, flow-cell), polyetheretherketone (PEEK, fluidic board and connectors) and polytetrafluoroethylene
(PTFE, tubes) were used, because of their high chemical stability and relatively low surface energy and
high biocompatibility. As a flow cell, a PDMS structure is used and is positioned on the sensor surface.
PDMS was molded from a silicon master by replica molding. The connecting tubes were embedded in the
same step. Drilling or punching in PDMS showed rough hole forming and was not used. ETFE, PTFE and
PEEK can be cleaned using many solvents and weak bases and acids. Therefore, small residues of
analyte and test solutions can be removed before the next experiment. In cases with stringent conditions
for contaminations from previous experiments, an alternative setup with forward-backwards flow (Fig. 11,
C) reduces the number of components in contact with the analyte solution.

5. Influence of the Microfluidic System to Optical Biosensing

We examined the influence of vibration, flow rate and binding of proteins and discuss the influence to the
optical biosensing system. The suggested evaluation procedures can be applied as tests during
microfluidic system development.
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Fig. 10: Lab setup of the separated fluidic system during Fig. 11: Alternative fluidic setup: By pumping in
evaluation with micropump (1), flow cell (2) and alternating forward-backward flow
connecting board with valves (3) as well as temperature direction (C) compared to injection or
sensor (4) and sensor / flow cell stage (5). The close-up cycling mode (A / B), as shown in Fig. 9,
pictures on the right side show a single channel silicon smaller analyte solution volumes are
master (6) and a PDMS flow cell (2). necessary.

5.1. Vibration

The vibration of the sensor chip can strongly increase noise and drift during optical measurement. The
main reason for this system is the displacement of the optical fibers, compared to the grating couplers.
The vibration of the base plate, caused by the micropump and microvalves, was measured by using an
accelerometer sensor giving a voltage proportional to the acceleration. The sensor was placed on a
15 mm thick aluminum base plate (200 x 100 mmz) with a distance of 30 mm to the pump to study the
vibration transmission to the system. The weight of the piezoelectric sensor was 1.8 g and the minimum
resonance frequency 50 kHz. The output voltage signal was transformed by Fast Fourier Transformation
(FFT) to determine the main vibration frequencies. The potential of influencing the amount of vibration on
the sensor by damping was analyzed by using two exemplary absorber materials: a corrugated fiberboard
(flute typeSE, thickness 1.1 mm) and a polyester foam sheet (high resilience, thickness 15 mm, density
19 mg-cm™).

For the setup without a damping sheet, a high amount of vibration was guided to the base plate. The
main vibrational frequencies were below 100 Hz (Fig. 12). The vibration intensity was strongly attenuated
by the absorber materials. Especially with the foam sheet absorber, also the low-frequency vibrations
could be minimized easily. This simple but effective possibility of damping, directly at the cause of
vibration, promotes the later use of the micropump. However, pulses that travel inside and along the
tubes as acoustic waves were not determined. This should be analyzed by testing the cross-sensitivity
with the respective biosensor which will be a future task.

5.2. Flow rates

The flow rates of the test solutions should be defined and stable, to obtain reproducible experiments and
stable sensor signals. The flow rates in this system were examined by using a flow rate device (IDA-
2Plus, BIO-TEK Instruments). Deionized water was used during measurement. Buffer, receptor and
analyte solutions for biosensing experiments have similar viscosities like deionized water. Therefore,
viscosity dependent measurements were not necessary. The flow rates of the micropump were about
7.5 % higher than expected from the design, measured for 500 pl‘min™, but could easily be calibrated.
After calibration, the flow rate standard deviation was 0.2 % of the absolute value compared to 0.7 %
for a reference tubing pump (both at 500 pl-min™). The higher pulsation at low-frequency of the reference
tubing pump arises as the main reason.

The device uses volumetric detection and measures one flow rate value every 5 s to 20 s depending on
the absolute amount of the flow rate. Therefore, the high-frequency pulsation of the micropump could not
be determined due to the applied measurement principle. This pulsation should be determined with a flow
sensor, suited for these flow rates, and a resolution of at least 100 Hz.
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Fig. 12: Vibration spectrum of the base plate, caused by the micropump. The vibration could
be strongly attenuated by simple absorber materials. The inset shows the vibration
spectrum with absorber materials at a enlarged amplitude scale.

5.3. Protein binding to the contact materials of the microfluidic system

The fluidic system was developed for use in biosensing experiments, especially protein binding. All
contact materials in the system have a low surface energy to minimize unwanted protein adsorption.
Proteins should bind only to the biosensor surface. Binding to the fluidic contact materials reduces the
protein concentration in the solution, and thus reduces sensing performance for fluidic modes B and C
(Figs. 9, 11). Further, if cleaning after an experiment is insufficient, the bound protein can desorb in a
following biosensor experiment and lead to contamination. The binding of proteins onto contact materials
was analyzed using the model protein bovine serum albumin (BSA) which has a very high adsorption on
most surfaces. It consists of about 600 amino acids and contains most chemical functional groups
including -COOH, -OH, -NH,, -SH, which enables binding to most chemical groups. If BSA does not bind
to an examined surface, this surface can be regarded as a low-sticking surface for most proteins.
Therefore, BSA is best suited as a model protein for binding tests.

The materials PEEK and PTFE were cleaned with isopropanol and N,-dryed before used. ETFE was not
examined since it has very similar polar and dispersive surface energies as PTFE. PDMS was used as
manufactured. Functionalized polymethylmethacrylate (PMMA), which also serves as biosensor material,
was utilized as a reference. For the functionalization of PMMA, hydroxyl groups were created by
atmospheric pressure air plasma, followed by silanization with an aminosilane. BSA was used at a
concentration of 1 mg-l'1 in deionized water. It was either dispensed as a small droplet on the material
surface or flowed over the surface at a flow rate of 250 pl-min'1. A microfluidic channel with a cross-
section of 0.09 x 1 mm? (height x width) was used. The droplets remained for either 10 min or 30 min. For
the flow test, the same durations were used. The BSA binding was analyzed by fluorescence labeling with
fluorescein isothiocyanate (FITC) and fluorescence microscopy. FITC was applied at a concentration of
0.1 mg-ml'1 in a Naz;BO; buffer. Fig. 13 shows the BSA and FITC binding, schematically. The
fluorescence intensity was analyzed with a fluorescence microscope taking 16 bit gray scale pictures as
shown in Fig. 14. For the evaluation, only homogeneous areas with no residues (Fig. 14 (a)) were
analyzed. The resulting diagrams (Figs. 15, 16) show average values of these homogeneous areas.

For fluorescence labeling, different methods for the analyses of protein binding to the fluidic materials
were tested. No significant difference for the four different BSA treatments could be observed (Fig. 15).
BSA binds quickly on the surfaces and the binding does not depend on the flow time. Because of the
convenience of use and simplicity to distinguish BSA-/ non-BSA-boundaries, the 30 min droplet method
was chosen for further experiments.
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Fluorescence labeling generally showed only very small binding of BSA to the analyzed fluidic contact
materials (Fig. 16) compared to functionalized PMMA which is used as a sensor material. Even though
BSA tends to stick on surfaces easily, the tested fluidic contact materials should adsorb only small
amounts of proteins during biosensing experiments. The binding to PEEK could not be analyzed,
because of the high autofluorescence of the bulk material at the wavelengths used during fluorescence
microscopy. For other fluorescence filter sets, the autofluorescence was still very high, so most other
fluorescent labels cannot be analyzed as well. Ellipsometry may be applied here as an alternative method
to determine the protein layer thicknesses.

Fluorescence intensity [a. u.]
Fluorescence intensity difference [a. u.]

Fig. 15: Different methods for the analyses of Fig. 16: Small binding of BSA to the fluidic contact materials

protein binding to the fluidic materials, (PDMS and PTFE/after BSA binding), compared to
exemplarily shown for PDMS. A simple binding to the functionalized sensor material PMMA
droplet method is sufficient and was (funct. PMMA/after BSA binding). FITC also binds well
used for further experiments (30 min directly to functionalized PMMA (funct. PMMA/without
preferable due to slightly smaller BSA) due to the creation of OH-groups after plasma
standard deviations). treatment. All values represent the difference of the

fluorescence after FITC-labeling to the auto-
fluorescence of the respective material (without/with
BSA is both FITC-labeled).

6. Conclusions

The biosensor system proposed in this work is based on functional, polymeric microring resonators. It
uses multilevel grating couplers and a microfluidic system for better automation, miniaturization and for a
potential use for sensitive and fast POCT. The presented multilevel UV-NIL technologies and the optical
grating couplers have a high potential for the mass production of cost-efficient and single-use biosensor
chips. The presented microfluidic system is both miniaturized and robust, and allows the automation of
entire biosensing experiments. The vibration of the micropump was analyzed and could be strongly
minimized by simple absorber materials. The flow-rate was determined and could be calibrated. The
influence of acoustic waves and high-frequent flow-rate pulses to the sensor chip should be determined in
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the final setup by carrying out further experiments. The adsorption and binding of the model protein BSA
was analyzed to determine a potentially higher analyte consumption or later desorption and system
contamination. The binding to the contact materials used in the fluidic system was much smaller than the
binding to the functionalized sensor material. The proposed evaluation methods can be used to improve
the design of fluidic systems during development.
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