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ABSTRACT

Plasmonic amplification of fluorescence signal in bioassays with microarray detection format is reported. A crossed
relief diffraction grating was designed to couple an excitation laser beam to surface plasmons at the wavelength
overlapping with the absorption and emission bands of fluorophore Dy647 that was used as a label. The surface of
periodically corrugated sensor chip was coated with surface plasmon-supporting gold layer and a thin SU8 polymer film
carrying epoxy groups. These groups were employed for the covalent immobilization of capture antibodies at arrays of
spots. The plasmonic amplification of fluorescence signal on the developed microarray chip was tested by using
interleukin 8 sandwich immunoassay. The readout was performed ex sifu after drying the chip by using a commercial
scanner with high numerical aperture collecting lens. Obtained results reveal the enhancement of fluorescence signal by
a factor of 5 when compared to a regular glass chip.
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1. INTRODUCTION

Fluorescence microarrays represent an established technology that is routinely used in important areas of life sciences,
medical diagnostics, and food safety [1, 2] for highly parallelized detection of nucleic acid and protein analytes. In these
applications, ligands are typically immobilized at arrays of spots on a glass sensor chip and incubated with analyzed
liquid sample in order to specifically bind target analytes. The amount of captured analyte is detected by using
fluorophore labels. The majority of fluorescence microarray scanners rely on epi-fluorescence geometry in which
fluorescence signal from individual spots is detected ex situ by scanning an excitation laser beam across the microarray.
In order to analyze smaller amounts of captured analyte at a sensing spot, an integration of various optical structures to
sensor chips was proposed for increasing the detected fluorescence intensity per attached fluorophore label. These
include multilayer dielectric structures that serve as a Bragg mirror for improving the extraction of fluorescence light
from the chip. This approach prevents leaking of fluorescence light into the glass substrate (in form of supercritical
angular fluorescence — SAF [3]) [4, 5]. In addition, laterally structured dielectric multi-layers were explored for the
fluorescence enhancement through diffraction coupling of light to waveguide modes [6] and Bloch surface waves [7] that
interact with fluorophores via their near field.

Besides dielectric structures, the employment of metallic nanostructures gained increasing interest for the enhancement
of fluorescence assays owing to their unique plasmonic properties [8]. The coupling of fluorophore labels with
plasmonic metallic nanostructures offers efficient means for the fluorescence signal amplification [9, 10] which can
reach a factor as high as 10° [11] for individual molecules placed at so-called “plasmonic hotspots”. By using diffraction
on periodically corrugated metallic grating, the far field electromagnetic radiation can excite surface plasmons (SPs) that
travel along a metal surface and originate from collective oscillations of electron density. SPs exhibit much tighter
confinement of the electromagnetic field intensity than dielectric waveguide modes and thus they stronger interact with
fluorophores. The emitted fluorescence light intensity from fluorophores exposed to surface plasmon field can be
particularly increased by the combination of two effects: by increasing the excitation rate with SP-enhanced intensity at
the fluorophore absorption wavelength 4,, and by the directional SP-coupled emission at emission wavelength A, that
allows for higher yield in the fluorescence light detection. Due to the strongly confined SP-field, the amplification of
fluorescence signal occurs at only small proximity to the metallic surface (e.g., the probing depth of propagating surface
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plasmons on a continuous gold surface in the red part of spectrum is of about L,~100 nm). The grating coupled SP-
enhanced fluorescence is ideally suited for in situ epi-fluorescence detection of fluorescence signal which relies on
relatively low numerical aperture lens and can provide the enhancement factor of about 10%. This enhancement can
translate to increased sensitivity in assays [12, 13] as well as it allows fluorescence observation of molecular binding
kinetics [14] which is otherwise masked by strong background signal originating from the bulk solution.

This paper reports an implementation of plasmonic diffraction gratings to protein microarray chip with ex situ readout by
a fluorescence scanner with epi-fluorescence geometry and high numerical aperture optics for the collecting of
fluorescence light. Design of the structure is described and its performance characteristics are investigated by using
interleukin 8 (IL-8) sandwich immunoassay. The need of compatibility of prepared plasmonic sensor chip with mass
production technologies is addressed and an immobilization strategy of ligands that is identical with regularly used
epoxy glass chips [15] is adopted.

2. MATERIALS AND METHODS
Chemicals and Biochemicals

Positive photoresist Microposit S1805 was purchased from Shipley and its developer AZ 303 was acquired from
MicroChemicals. Polydimethylsiloxane elastomer (PDMS) Sylgard 184 was obtained from Dow Corning and the UV-
curable polymer Amonil MMS 110 was from AMO GmbH. SUS resin (Epikote 157, batch 12XNG3) was from Micro
Resist Technology and it was diluted by propylene glycol monomethyl ether acetate (PGMEA) from Sigma Aldrich
(48,443-1, Lot: STBB2425). Affinity purified anti-human IL-8 (clone HS8AS, 511501) and biotin-labeled anti-human IL-
8 (clone E8NI1, 511403) were purchased from Biozyme. Human IL-8 recombinant protein (14-8089-80) was from
eBioscience and streptavidin labeled with Dy647 (dye similar to Cy5 with the absorption wavelength close to 4,,=640
nm and emission band centered at the wavelength of A.,=670 nm) was obtained from Dyomics (Germany). LowCross-
Buffer (product number 100 050) from Candor was used in the assay experiments. Tween 20 and sodium deoxycholate
were from Sigma.

Preparation of plasmonic sensor chips

Crossed grating structure was recorded by UV laser interference lithography (LIL) with Lloyd’s mirror configuration.
Firstly, a BK7 glass substrate was coated with 400 nm thick photoresist Microposit S1805 layer by using spin-coating
(4500 rpm for 45 seconds) and it was soft baked on a hot plate at 98 °C for 120 sec. Afterwards, the substrate was
mounted to the LIL setup (see Figure la) with the angle of interfering expanded beams at a wavelength of =325 nm
(with the intensity of 32 pW/cm® emitted from a HeCd laser IK 3031 R-C from Kimmon) set to #=15.65 deg. This angle
was selected in order to record a structure with the period 4=602.3 nm. The photoresist layer was exposed twice to the
interference field for 60 seconds and the substrate was rotated by 90 deg between the first and seconds exposures. After
the exposition, the crossed relief structure was etched into the photoresist by its immersing for /=25 sec in the developer
AZ 303 that was diluted with distilled water at the ratio of 1:14.

From the relief master structure etched into the photoresist S1805, multiple copies were prepared by UV soft lithography
as described by Figure 1b. Firstly, a PDMS working stamp was fabricated. The temperature upon which the PDMS was
cured on the top of the master structure was controlled in the range of 30-50 °C in order to fine tune the period of the
PDMS copy (the increasing of curing temperature from 30 °C to 50 °C was accompanied with a decrease of the grating
period 4 by about 5 nm due to difference in the thermal expansion of the master and PDMS). Afterwards, the cured
PDMS working stamp was released from the master and used to prepare multiple copies of the corrugation. UV-curable
polymer Amonil MMS 10 was spin-coated on a cleaned BK7 glass substrate at 2000 rpm for 120 s which results to a
layer with a thickness of 110 nm. Then, the PDMS working stamp was placed on the top of the Amonil surface and
irradiated by UV light (UV lamp Bio-Link 365, Vilber Lourmat) at /=365 nm. The irradiation dose was 5 J/cm’. Finally,
the PDMS stamp was detached from the cured Amonil MMS 10 leaving a copy of the master structure. The Amonil
replicas were subsequently coated with 4 nm of Cr and 100 nm of Au by vacuum thermal evaporation (HHV AUTO 306
from HHV LTD) in vacuum better than 10° mBar. It should be noted that prepared sample carried an area that was
structured and an area that was flat and served as a reference in the further optical measurements.
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On the gold surface, an SU8 polymer layer was spin-coated from a solution where SU8 was diluted with PGMEA to the
concentration 0.5 %. This polymer layer served as a linker layer for subsequent spotting of antibodies for the capture of
target analyte.
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Figure 1. Schematics of a) laser interference lithography setup for the preparation of crossed relief grating master and b) the
preparation of replicas for the plasmonic amplification of fluorescence signal by using soft lithography.

Characterization of plasmonic sensor chip

In order to observe the resonant excitation of SP modes on prepared plasmonic chips, an in house-built optical system
was employed for the measurement of angular — wavelength reflectivity spectra (for detailed description see our previous
work [14]). The thickness of the SU8 layer and its modification with protein molecules was measured on a flat surface
by using surface plasmon resonance (SPR) sensor with angular interrogation and the wavelength of 633 nm. This SPR
sensor system was developed in house and it is described in our previous study [16]. The measured SPR angular scans
were analyzed by software Winspall that was developed at the Max Plank Institute for Polymer Research (MPIP, Mainz,
Germany). The grating morphology was observed with atomic force microscopy (AFM) Nano Wizard II from JPK
instruments.

Bioassay detection format

Affinity purified anti-human IL-8 (capture antibody - cAb) was diluted in a printing phosphate buffered saline (PBS with
0.01% sodium deoxycholate, pH 7.2) at a concentration of 0.4 mg/mL and spotted on the sensor chip surface. The
optimum spotting conditions (composition of print buffer, humidity during spotting and antibody concentration) were
established based on our previous research [17]. The cAb was arrayed on the plasmonic chips with SU8 layer or on
ARChip Epoxy slides with identical SU8 polymer. The Omnigrid contact spotter with SMP3 pin from GeneMachines
was used and operated at a relative humidity of 50 %. The spot-to-spot distance was set to 350 um and the diameter of
each spot was set to around 100 pm. Each chip carried three rows of spots that served a) for detection of IL8 (the cAb
was spotted), b) as a control (blank printing buffer was spotted), and c) as a lead (IgG antibody against another analyte
with attached Dy647 dye was spotted). In order to maximize the binding capacity of cAb spots, the printed slides were
stored at 4 °C for at least three days. After the spotting, blocking of the surface outside the microarray spots was
performed by the incubation in PBS spiked with 0.1% Tween 20 for 30 min. This step allowed for removing loosely
bound molecules from the spots and for the deactivation of non-reacted epoxy surface groups. Finally, the slides were
washed two times with PBS (pH 7.2) and dried by compressed air.

As Figure 2 shows, sandwich immnoassay was used for the detection of IL-8 analyte. As a sample, the assay buffer was
spiked with IL-8 at the concentration 27 pg/mL. Microarrays on the plasmonic sensor chip and ARChip Epoxy slides
were incubated with 50 pL of the sample for 2.5 h. Afterwards, the surface was washed three times by PBS with 0.1%
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Tween-20 and incubated for 45 min with 50 puL of biotin-labeled anti-human IL-8 (detection antibody - dAb) diluted at
the concentration of 1 pg/mL. Then, the surface was washed again three times by PBS with 0.1% Tween 20 and
incubated with 4 ng/mL Dy647 streptavidin for 45 min. Finally, each slide was washed twice by PBS with 0.1% Tween
20 and twice in PBS, dried by using compressed air, and stored in the dark until scanning.
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Figure 2. Schematics of prepared sensor chip for epi-fluorescence detection with an interface architecture for sandwich
assay detection format.

Fluorescence microarray readout

For the readout of microarray assay on the plasmonic and ARChip Epoxy slides, Genepix 4000B microarray
fluorescence scanner (from Axon Instruments, USA) was used. The measurement utilized an epi-fluorescence readout
geometry (see Figure 2) where an excitation laser beam at the wavelength of 4.,,=635 nm is focused at the surface by
using a lens with a numerical aperture NA=0.68 in order to excite fluorophore labels attached to the sensor chip. The
same lens is used for the collecting of the emitted fluorescence light beam at emission wavelength 1.,,~670 nm that is
delivered to photomultiplier tube (PMT) operated at constant voltage through all experiments. In the optical system of
the scanner, the excitation beam is blocked by using a dichroic mirror and a set of fluorescence filters. The numerical
aperture NA of the lens used for the collecting of emitted fluorescence light translates to the maximum acceptance polar
angle of 0,,,,=43 deg (see Figure 2). Obtained fluorescence data were analyzed with the Genepix 6.0 software. The mean
signal values were calculated from ten background corrected data points. Data that were out of the mean signal values +
the standard deviation (SD) were excluded.

3. RESULTS AND DISCUSSION

Spectrum of diffraction-coupled surface plasmon modes

As illustrated in Figure 3, the prepared plasmonic chips carry a crossed grating with two superimposed orthogonal
periodic corrugations in the x and y directions. As observed by AFM presented in Figure 3a, the period of superimposed
corrugations was of /=602 nm and it was set for the diffraction excitation of SPs via the grating vector parallel to x axis
[diffraction order (£1,0)] and y axis [diffraction order (0,+1)] at a wavelengths close the 4., and A.;, of used Dy647 dye.
When coated with Au, the diffraction on the grating allows for the phase-matching of a light beam propagating above the
metal surface and SPs travelling along the metal interfaces. The interaction strength between these waves can be
controlled by the modulation depth. The prepared samples exhibited rather shallow modulation depth of around 70 nm
which corresponds to small increase in the area of the surface area by only several percent. For the immobilization of
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cAb, the SU8 layer was spun on the Au plasmonic chips. Its thickness was adjusted to around #sys=12 nm in order to
assure that the fluorophore label is far enough from the Au surface in order to prevent quenching due to the Forster
energy transfer. Let us note that the thickness of identical SU8 polymer on ARChip Epoxy glass substrate was much
higher as the film was prepared by dip coating.

TM reflectivity
TE reflectivity

Angle of incidence € [deg] Angle of incidence 8 [deg]
b) ¢)

Figure 3. AFM characterization of grating morphology (a scale bar length of 0.6 pm) and b) TM and ¢) TE angular
reflectivity spectrum for the prepared plasmonic chip with the SU8 layer coating (thickness 75yg=12 nm).

In order to employ the SP-enhanced field intensity for increasing the fluorescence excitation rate, the resonant excitation
of SPs was tuned to occur at A, for polar angles 8 close to the normal incidence. The data in Figure 3b and ¢ show the
SPR reflectivity spectra that were measured in vicinity to this wavelength at polar angles 6=0-15 deg with the plane of
incidence parallel to the x axis. It reveals that SPR manifests itself as a reflectivity drop in the measured transversal
electric (TE) and transversal magnetic (TM) spectrum. For the TM polarized light, SPR occurs for the wavelengths 1
between 630 and 640 nm at polar angles & below 2 deg due to the coupling via the grating vector in the plane of
incidence [diffraction order (+1,0)]. The angular dependence of TE reflectivity shows much broader SPR resonance in
angular spectrum. It occurs at angles # below ~ 15 deg and it is associated with the coupling via grating vector
perpendicular to the plane of incidence [diffraction order (0,£1)]. Let us note that the excitation wavelength and polar
angles of incidence of used scanner falls into this range. In addition, Figures 3b and c illustrate that the prepared
plasmonic grating allows for the coupling of more than 95 per cent of incident light energy to SPs at the resonant angle
for wavelength > 640 nm. For the smaller wavelengths the coupling strength slightly decreases due to the fact that the
corrugation profile is not precisely sinusoidal and a bandgap opens in the surface plasmon dispersion relation [18].

At the emission wavelength A.,=670 nm of the used fluorophore Dy647, the measured TM reflectivity spectrum reveals
that the SPR occurs at around 4 deg. This assures that the surface plasmon-coupled emission at 4., will be re-emitted
from the surface via the first order diffraction at this angle when SPs are propagating parallel to a grating vector (x or y
direction) as investigated in our previous study [14]. The emission polar angle § increases above 4 deg for SPs
propagating at the direction deviated from the grating vectors.
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Fluorescence amplification of signal on prepared microarrays

Figure 4 confirms that both plasmonic and ARChip Epoxy surfaces allowed for attaching protein molecules as seen in
the lead array (yellow marked) with spots where Dy647-labeled IgG antibody was directly spotted. The other two
sections on the chips represent arrays of spots that carry cAb against IL-8 (blue-marked measuring spots) and blank area
(green-marked control spots). The aquired images after the assaying a sample with IL-8 concentration of 27 pg/mL
reveal that the measuring array exhibits bright spots due to the subsequent binding of biotinylated dAb and Dy647-
labeled streptavidin to the analyte captured by cAb. The comparison of the response on the blank spots (associated with
the unspecific sorption of dAb and Dy647-labeled streptavidin) and measuring spots (associated with the specific analyte
capture) reveal that the ex situ response on the plasmonic chip is about 5 times higher than that on the ARChip Epoxy.
However, this enhancement is about a 20-times smaller than that observed in our previous study where similar
plasmonic grating (with a period A=434 nm [14]) was used for in situ fluorescence assay directly in liquid samples. The
reason is that the used microarray scanner for ex situ measurement utilizes a lens with much higher numerical aperture
(NA=0.68) than that used for the previous in situ experiments (NA=0.2). Therefore, the range of polar angles  at which
the fluorescence light is excited and collected is much wider which leads to the following two effects. Firstly, substantial
part of the incident light intensity at A. is not coupled to SPs as the resonance become detuned when the focused
excitation beam hits the surface at polar angles of incidence 8 > 2 deg. This leads to the decreased descreased coupling
efficiency to SPs that is associated with lower average field intensity enhacement |E/E,|* and weaker excitation rate at
Aap. In addition, the directional emission the confines the emitted fluorescence light in a cone with small polar angle does
not change significantly the overall yield in the delivering of emitted photons to the PMT detector. Rather, it only leads
to re-distribution of the emitted intensity within the acceptance cone defined by polar angles 6=0-6,,.

Au grating (Plasmonic Chip) Glass flat (ARChip Epoxy)
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Figure 4. Example of fluorescence images for IL8 assay on microarrays spotted on developed Au grating (plasmonic chip)

and regular (ARChip Epoxy) slides with measuring, control and lead arrays of spots (upper part). Comparison of
fluorescence signal for the IL-8 assay is showed at the bottom.
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CONCLUSIONS

The implementation of plasmonic chip with crossed relief Au grating to fluorescence microarrays with ex situ detection
format allowed for around 5-fold increased sensitivity as demonstrated by a model interleukin 8 sandwich assay. The
preparation of selected nanostructure and the interface design for covalent immobilization of ligands was carried out by
techniques that can be adopted for large scale fabrication. The study reveals that the plasmonic sensor chip utilizing
diffraction coupling to propagating surface plasmons for the enhancement of fluorescence signal with ex sifu detection is
limited. The reason is the large numerical aperture optics for the excitation and collecting of fluorescence light which
does not benefit from the highly directional surface plasmon-coupled emission and which lowers the excitation
efficiency of surface plasmons. In particular, the plasmonic structure that would offer stronger amplification has to
exploit the surface plasmon-assisted excitation of fluorescence light over broad range of angles of incidence. For such
purpose, changing the shape of surface plasmon dispersion relation is possible and, for example, grating structures that
support Bragg scattered surface plasmons [19] may be beneficial.
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