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ABSTRACT

We present an original, low-cost nanoplasmonic (bio)sensor based on crossed surface relief
gratings (CSRGs) generated from orthogonally superimposed surface relief gratings (SRGs) on
gold-coated azo-glass substrate. This surface plasmon resonance (SPR)-based sensing approach
is unique, since the light transmitted through a CSRG is zero except in the narrow bandwidth
where the SPR conversion occurs, enabling quantitative monitoring of, only, the plasmonic
signal from bio-molecular interactions in real-time. We validated the individual SRG plasmonic
signature of CSRGs by observing their respective SPR excitation peaks, and tested them to
detect both bulk and near-surface refractive index (RI) changes. Compared to simple SRGs,
CSRGs portray a much-improved sensitivity of 647.8 nm/RIU, a resolution in the order of 107
RIU, and a figure of merit (FOM) of 14 for bulk RI-change sensing. We also demonstrate their
ability to perform as biosensors, through the detection and monitoring of near-surface bio-
molecular interactions in real-time, a first for CSRGs. The minimum detectable concentration of
biotin-streptavidin binding events was 8.3 nM. Due to their sensing abilities, low-cost (<10
cents/unit), easiness of fabrication and inherent suitability for integration with microfluidics, we

anticipate that CSRGs will stand as strong candidates in the portable diagnostics arena.

KEYWORDS: nanophotonics, metallic nanostructure, surface plasmon resonance, surface relief

grating, biosensing.
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Nanostructured metallic films that support surface plasmon resonance (SPR) have been used as
(bio)sensors in numerous applications in medicine and life sciences in the past few years.!®
Specific applications of SPR-based biosensing that can be found in the literature include
detection of contaminants in food and water,” ' immunoassays,'! DNA-protein interactions2
and detection and monitoring of antigen-antibody binding events in real time.®** Among the
wide repertoire of metallic nanostructures available to date, surface relief gratings (SRGs) offer
key advantages for biosensing applications requiring in-situ or portable detection due to their
inherent compact footprint, compatibility with collinear optical formats and easiness of
integration with other micro-technological platforms, such as microfluidics.’>'’ SRGs offer
sensitivities compatible with biomedical diagnostics, precise and nanofabrication-based tunable
SP excitations, and the possibility of performing real-time detection of analytes at very low
fabrications and operation cost. !81° Additionally, the plasmonic signal from SRGs can be
acquired in transmission-mode settings, minimizing alignment and assembly requirements.

The inscription of SRGs on azopolymer thin films has been around for more than two
decades.?® This nanofabrication phenomenon takes advantage of the unique photomechanical
properties of the azobenzene chromophores, where a repetitive trans to cis photoisomerization
occurs in the material under laser light illumination. In turn, optical nano-structures can be
photo-inscribed in the azo film mimicking a laser interference pattern. This macroscopic
phenomenon occurs due to the mass transport of the azo molecules from regions of high laser
irradiance towards regions of lower irradiance. Typical linear SRGs are written using a simple
Lloyd mirror where half of a collimated laser beam is incident on a mirror at right angle with an
azo thin film. The grating’s pitch is dependent on the laser incidence angle, while its depth is

related to the laser exposure time.?! This single-step fabrication process allows the inscription of
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SRGs on a large scale in only a few minutes. Furthermore, a second exposure of a linear SRG to
the writing laser under a different orientation permits the inscription of a second superimposed
SRG, while retaining the diffraction effects of both gratings. After coating with a metallic layer,
the azo nano-structures will be retained and SPR can be excited at the metal/dielectric interface
above the SRGs when a diffracted order is phase-matched to the SPR wave vector. For a single
linear SRG, this resonance will occur only when a probe light beam polarization is oriented
along the grating vector.?? Also, the SPR wave vector (hence the SPR wavelength) is dependent
on parameters such as the SRG pitch, refractive indices (RIs) of the metal and the dielectric and
the light incidence angle. In a wavelength scan, at normal incidence and for light polarization
along to the SRG vector, the SPR on a linear grating is seen as a sharp positive peak in
transmission, several times the original transmitted light intensity.?® This occurs due to an
enhanced transparency of the metal layer caused by the resonant electrons.

SPR propagation on perpendicular bi-gratings has shown that a polarization conversion of the
incident light occurs.?***> When linearly polarized light is incident on a bi-grating, a SPR will be
excited by the grating having a vector aligned with the initial light polarization. In turn, this SPR
resonant light will be re-radiated by the crossed grating in its orthogonal polarization. Other
studies have been done on the angular dependence of this SPR polarization conversion in
azobenzene crossed SRGs and the results of light momentum transfer in between the gratings
were explained in terms of the 2-dimensional SPR wave vectors.’*” This SPR approach in
crossed SRGs (CSRGs) is remarkable since, when placed in between crossed polarizers, light
transmitted through a CSRG will be zero except in the narrow bandwidth where the SPR

conversion has occurred.
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Here, we present a novel biosensing approach that takes advantage of the remarkably low cost,
functionality and superior sensing abilities of plasmonic CSRGs. Based on a 6 mm x 6 mm
sensor, coated with 60 nm of gold, a total production time of 10 min and a facility usage fee of
$8/h, the fabrication cost is estimated at $0.09 USD per sensor. The resulting cost-effective and
easy-to-fabricate device allows sensing in transmission mode and with the aid of minimal optics,
making it suitable for point-of-care and other applications requiring portability. We demonstrate
that the CSRG-based biosensor has superior sensitivity compared to established SRG-based

sensors, and enables the detection of bio-molecular near-surface interactions, a first for CSRGs.

MATERIALS AND METHODS

Fabrication Methods.

Azo-glass. Disperse Red 1 (1.00 g, 3.18 mmol) in dry THF (10 ml) was slowly added to a
stirred suspension of N,N’-carbonyldiimidazole (0.773 g, 4.77 mmol) in dry THF (5 ml) in a dry
round-bottomed flask equipped with a magnetic stirrer at ambient temperature. The mixture was
then stirred for 18 hours under N> atmosphere. The mixture was then separated into organic and
aqueous layer by addition of CH>Cl> and H>O. The organic layer was washed two more times
with copious amounts of H,O and later recovered, dried over Na,SOs, filtered, and the solvent
was evaporated. The crude residue was then dissolved in THF (15 ml) and 2-methylamino-4-
mexylamino-6-(2-aminoethylamino)- 1,3,5-triazine (1.10 g, 3.82 mmol) was added. This mixture
was then refluxed for 18 hours and later, the solvent was evaporated. 1M aq. HCI was then added
to it and the precipitate was collected by filtration. The precipitate was then washed with 1 M aq.
HCI and H>O until the effluent was colorless. This residue was then dissolved in acetone and

CHCl> and aq. NaHCO3 were added to separate the organic and aqueous layers. The organic
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layer was dried over NaSQg, filtered, and the volatiles were thoroughly evaporated under
reduced pressure to yield 1.875 g of DR1-glass (2.99 mmol, 94%).2

DRI1-glass film deposition. A solution of DR1-glass (3 wt%) in CH>Cl, was prepared and
mechanically shaken for 1 hour, then sieved via a 50 um syringe filter (EMD Millipore, Merck
KGaA, Darmstadt, Germany). A thin film of DR1-glass was then deposited using a Headway
Research spin-coater. Approximately 3 ml of the solution was deposited on a BK7 glass slide
with dimensions of 3 x 3 cm?, at a rate of 1000 RPM for 20 seconds. The films were then dried
in a Yamato ADP- 21 oven at 95°C for 1 hour. Film thicknesses were measured with a Sloan
Dektak II surface profiler (Veeco Instruments Inc., Plainview, NY, USA).

CSRGs fabrication. A solid-state diode-pumped laser (COHERENT, USA, Verdi V5, A = 532
nm) with an irradiance of 382 mW/cm? was used for holographic exposure to create the SRGs. A
DR1-glass coated sample was irradiated by two interfering beams from the laser, one directly
incident, one reflected upon a 3 x 3 cm? Lloyd mirror placed orthogonally to the sample. The
circularly polarized incident beam was collimated, and passed through a variable iris with a 1 cm
diameter opening, which yielded SRGs with a grating area of approximately 0.39 cm?. The
grating pitch of the CSRGs was controlled via an in-house-built rotating sample holder assembly,
by fine-tuning the angle of incidence of the laser on the sample. Details on the fabrication
method of SRGs can be found elsewhere.!” For this work, metal deposition was performed using
a Bal-Tec SCD 050 sputter coater to deposit 60-nm-thick Au film in an Ar chamber (I =50 mA,
t =150 secs).

Sensing Experiments. A PDMS layer of 2 mm in thickness was prepared by mixing Sylgard
184 elastomer and curing agent (Dow Corning, Midland, MI) at a 10:1 ratio, as detailed

elsewhere.'® An opening of 2 mm x 2 mm was carved onto a 1 cm x 1 cm piece of cured PDMS
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and was placed atop the crossed region of the CSRGs. A stock solution of 20% (w/v) sucrose
solution in deionized water was prepared for preparing the test solutions (5%, 10% and 20%
sucrose solutions) used in the experiments. The Rls of the test samples were measured using an
Abbe refractometer (Shanghai Optical Instruments, China).

Spectral Analysis. Origin™ Pro 8.0 software (OriginLab Corporation, USA) was used to
perform the spectral analysis of the acquired SPR signals. The acquired spectra were normalized,
plotted and fitted using GaussAmp fit in Origin (R? > 0.9). FOM was calculated from the
sensitivity value obtained and the full-width half maximum (FWHM) of the raw fitted data,
represented by:

FOM = (Sensitivity/FWHM) (1)

Biosensing Experiment. For the biosensing experiment, the surface of the CSRGs was rinsed
with 10% acetone and ultrapure water, and then plasma-cleaned for 15 minutes. A single-well (2
mm X 2 mm) PDMS layer was placed atop the clean crossed region of the CSRGs to host the
analyte solutions over the surface. The opening was incubated with 5.18 mM cysteamine
solution (Sigma-Aldrich, Canada) for 72 hours at room temperature. Next, the CSRGs were
cleaned with 10% ethanol and deionized water to remove unbound cysteamine remnants. PBS
was next added to the PDMS well and the transmission spectrum was recorded. The wavelength
of the SPR peak was used as baseline for measuring the peak-shifts in the subsequent binding
experiments. An NHS-terminated biotin residue solution (NHS-biotin, Sigma-Aldrich, Canada)
with a concentration of 24.56 mM in PBS was then poured onto the CSRGs and incubated for 1
hour. The sample was then rinsed with PBS and the resulting transmission spectrum was
recorded to verify the SPR peak-shift due to biotin adsorption. The biotin-modified CSRGs were

then incubated in a streptavidin PBS solution (Sigma-Aldrich, Canada) at 0.83, 8.3, 83, 830 nM
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in concentration, and the transmission spectra were recorded over time. For the single
concentration (830 nM) biosensing experiment, the transmission spectra from the CSRGs were
collected in real time, every minute. For the dose-dependence study, the spectra were acquired

every 10 min. for a total of 120 minutes.

RESULTS AND DISCUSSION

Nanofabrication. Fig. 1a shows the fabrication process of the CSRGs using laser-inscription.
First, powders of photoactive azo-glass (DR1-glass) were dissolved in dichloromethane and
thoroughly mixed.?® Subsequently, cleaned BK7 glass substrates were spin coated using the azo-
glass solution to produce uniform films. The thickness of the films is controlled via the azo-glass
solution concentration and the spin-coating rate. Since azo-glass solid films have an absorbance
maximum around 485 nm, the deposition of thick films would result in increased absorption of
light when operating in transmission mode while, in contrast, very thin films result in gratings
being too shallow to generate strong surface plasmons.?® For this reason, the thickness of the
azo-glass film for each test sample was measured using a laboratory-grade profilometer and
optimized for this experiment, resulting in a thickness of ca. 190 nm. In order to further
eliminate any absorption effects from the azo-glass layer in transmission mode, the SRGs were
inscribed with a pitch that would generate surface plasmons in the wavelength region where azo-
glass is almost completely transparent (above 600 nm). Surface plasmons can be excited at the

surface between a metal and a dielectric when the surface plasmon wave number ks, given by:

ksp = kon(\/ gm/(nz + gm)) (2)
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where k is the light wave number in free space, n is the index of refraction of the dielectric, and
em 1S the real part of the permittivity of the metal, is phased-matched to the grating vector given
by:

ksp = konsinf + 2mrm/A (3)
where 0 is the incidence angle, m is an integer and A is the grating pitch.?” At normal incidence,
equating equations (1) and (2) allows solving for the light wavelength where the surface plasmon

occurs (Aspr), which is given by:

Aspr = n/l[\/‘sm/(n2 + em)] 4)
Based on a pitch of 550 nm, for an air/Au interface, a theoretical Aspr of 610 nm can be obtained.
Using these input parameters, a first 550-nm-pitch linear SRG was laser-inscribed using a laser
irradiance of 382 mW/cm? on the DR1-glass thin film by direct holographic exposure for 300
seconds. The substrate was then rotated 90 degrees and exposed to the laser beam for an
additional 60 seconds to create a second perpendicularly superimposed 550-nm-pitch SRG atop
the first SRG, as shown in Fig. 1a, resulting in the final CSRGs. This double exposure resulted in
orthogonal gratings having nearly identical depths, which equates to nearly similar diffraction
efficiencies. The surface of the CSRGs was then coated with a 60-nm-thick Au film using
sputtering deposition. It is worth mentioning that the specific characteristics of the individual
SRGs, such as the grating pitch and depth, can be precisely controlled within the unit of
nanometer accuracy range, by simply changing the fabrication settings: laser power, exposure
time and angular position of the sample. The surface profile of the fabricated CSRGs was
investigated using AFM, which confirmed the successful creation of cross-grating patterns with
the desired pitch and a depth of ca. 75 nm. Fig. 1b shows an actual picture of the resulting

CSRGs and Fig. 1c shows an AFM image of the topography of a CSRG.
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CSRGs Optical Characterization. Fig. 2 shows the schematics of the experimental setup
used for the optical characterization of the CSRGs. A 12 V, 50 watts, halogen lamp was used as
a light source, held in a horizontal position by a custom-made mount. Two Wollaston linear
polarizers were used to polarize the light in horizontal and vertical directions respectively. A
custom-made holder was used to orient the CSRGs orthogonally to the incident halogen light
beam and a separate holder was used to position the spectrometer fiber optic tip for maximum
signal capture. All the components were positioned in a linear arrangement atop an optical rail.
The white light from the halogen lamp was first directed through the horizontally aligned
polarizer and then onto the metallic bi-gratings. At this stage, a surface plasmon is first excited
at the metal-dielectric interface above the CSRG, by the single grating component having its
peaks and troughs along the vertical. An SPR energy exchange then occurs between this first
grating and its orthogonal counterpart having its peaks and troughs along the horizontal. This
SPR energy is then re-radiated by the second grating, as explained elsewhere.?® The resulting
out-coupled light then passes through the second linear polarizer, with its axis along the vertical,
hence eliminating all residual light from the halogen lamp, except the light that passed through
the SPR polarization conversion process. Recall that for single linear SRGs, only incident light
polarized in the direction of the grating vector can couple into SPR.*® Since CSRGs consist of
two perpendicularly superimposed linear SRGs, a validation was done to verify if the CSRGs
still retained the individual SRGs characteristics. The (second) polarizer positioned behind the
sample was removed and the resulting transmission spectrum of the crossed-region of a CSRG
was obtained when the first polarizer was set to transmit vertically (Fig. 3a) and then to transmit

horizontally (Fig. 3b). These spectra were normalized to light transmitted through an area of the
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sample where there was no grating. The SPR peaks observed in both light polarizations show the
plasmons excited from each linear grating component. The difference in the SPR peak intensity
can be correlated to a slight difference in the depth of each individual SRG. An optimized setup
could be arranged to have perfectly identical depths for the crossed gratings, but this is not
required and of minimal importance for the significance of this work. Next, the second linear
polarizer was re-mounted and set to transmit horizontally, while the first polarizer was set to
transmit vertically, and the resulting transmission spectrum from within the crossed-region of the
CSRGs was obtained. The spectrum was normalized by the transmission spectrum of a flat
gold/azo-glass area for establishing a comparative measure with respect to the signal from single
SRGs. Fig. 3c shows the normalized SPR peak for the crossed-region for the CSRGs. The
resulting peak was much sharper, although with a small decrease in its relative intensity, as
compared to the individual SRGs signal obtained for the crossed-region of CSRGs. Both of these
observations can be associated with the truncation of the residual light by the second polarizer.

The loss of intensity is also due to the absorption of some of the light by the second polarizer.

Bulk Refractive Index Change Sensing. The CSRGs were first tested for the detection of
changes in bulk refractive indices. A polydimethylsiloxane-siloxane (PDMS) layer with a single
opening of 2 mm by 2 mm atop the crossed region of the CSRGs was used to expose the nano-
structures to liquids with different RIs. The test solutions used in these experiments were
deionized water, and aqueous sucrose solutions of 5%, 10% and 20% in concentration (w/v) with
respective Rls of 1.330, 1.337, 1.344 and 1.357. The transmitted spectrum of the light passing
through the CSRGs for each solution was acquired using the experimental setup described

previously. Fig. 4a shows the SPR peaks corresponding to each solution and red peak-shift
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associated with the change in bulk RI. The acquired SPR signals were processed and the total
peak-shift at 90% maximum intensity was recorded. The total peak-shift, as a function of the RI,
exhibited a linear increase as shown in Fig. 4b. The sensitivity of the CSRGs, obtained from the
linear fit shown in this figure, was 647.8 nm/RIU, which represents a 3-fold improvement,
compared to sensitivity values reported in the literature for SRGs sensing in transmission
mode.?’ The resolution of the CSRGs was estimated to be in the order of 10~ RIU, based on a
measured standard deviation of 102 nm, and the calculated sensitivity.?® This value is
particularly important since resolution is typically used as a measure of efficacy in optical
sensing as it takes the system noise into account. We have hypothesized before and confirm with
this experiment that the significant increase in sensitivity is due to the plasmonic light transfer in
the CSRG and the exclusion of all other wavelengths from the light source passing through the
two polarizers. The calculated figure of merit (FOM) of the sensor was 14, which is comparable
to other nanostructured SPR-based sensor technologies that require expensive nanofabrication

methodologies or complex experimental setups.’' 3

Biosensing Test. Motivated by the high sensitivity achieved for bulk RI changes, we
investigated the utility of CSRGs as biosensing platforms for the detection of near-surface bio-
molecular interactions. It is worth mentioning that this experiment represents the first
demonstration of CSRG-based biosensing. A biotin-streptavidin system was used as receptor-
analyte system as the binding kinetics of this complex is established and abundantly reported in
the literature for proof-of-concept biosensing testing. Additionally, this bio-molecular system is
suitable for characterizing biosensing testing as it has low dissociation constant, in the order of

10"'* M, and the time required to reach a quasi-steady binding state can be estimated based on
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first-order Langmuir kinetics.>*** Fig 5a shows a schematic representation of the assembly of the
biotin-streptavidin complex that has been built onto the surface of a CSRG via a cysteamine self-
assembled monolayer (SAM) as anchoring molecule. A detailed description of the methodology
is provided in the methods section. Fig 5b shows the measured peak-shift as a result from
streptavidin binding to biotin on the surface of the CSRGs during incubation. The sharp and
nearly linear peak-shift increase between times t = 3 min. and t = 14 min. correspond to the
streptavidin initial binding to the surface, dominated by the on-kinetics. For the times t > 14 min,
the quasi-steady state between the streptavidin and biotin is demonstrated by nearly constant
peak wavelength. In contrast, the plateau after 20 min. demonstrates that quasi-steady state has
been reached, in which binding is regulated by both on- and off-kinetics. The total peak-shift at
the end of the biotin-streptavidin binding process was 2.67 nm. The inset in Fig. 5b shows the
SPR peak-shifts corresponding to the binding events of cysteamine-biotin and biotin-streptavidin
complexes using cysteamine as signal baseline. As the efficacy of any sensor is limited by the
availability of the analyte (i.e. the analyte concentration), we performed a dose-based binding
study to determine the minimum concentration of streptavidin detectable by the CSRGs. The
experiment was carried out using new, identical CSRGs, and the previously described
cysteamine-biotin complex formation protocol. Four streptavidin solutions with concentrations
of 0.83, 8.3, 83 and 830 nM were used in this experiment. Fig. 5¢ shows the SPR peak-shifts
corresponding to biotin-streptavidin binding over time for the four different concentrations. The
minimum detectable streptavidin concentration, in this experiment, was 8.3 nM of streptavidin. It
is noticeable that the test involving the 8.3 nM streptavidin solution did not reach a plateau for
the length assigned for this experiment (120 minutes). However, a detectable signal at this

concentration was clearly observed. It is also worth mentioning that the SPR peak-shifts
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observed in this experiment are consistent with studies reported previously in the literature.*3®

Most importantly, these results validate the utility of CSRGs as biosensing platform.

CONCLUSION

This work highlights the first experimental demonstration of both CSRGs-based sensing and
biosensing. A transmission-based optical assembly was established for SPR polarization
conversion in CSRGs with the help of two crossed/cancelling polarizers. We presented that
CSRGs, retaining their individual SRG diffraction characteristics, provide a major improvement
in sensitivity (647.8 nm/RIU, FOM - 14) compared to traditional SRGs. We also verified the
CSRGs’ ability to detect local refractive index changes with a surface modification study using
streptavidin-biotin assay, aimed at projecting CSRGs as (bio)sensors. One of the drawbacks
encountered while working with the CSRGs is their limit in working with corrosive solvents
since azo-glass degrades upon interaction with strong solvents, causing damage to the nano-
structures of the SRGs. However, this problem can be mitigated by transferring the CSRG
pattern from the azo film to another substrate through soft lithography*® or by photo-
embossing.*’ But, from the prospect of sensing biological molecules, azo-glass CSRGs should
not be a problem in lieu of the non-corrosive nature and near physiological pH of solvents used
for biological analysis. The CSRGs sensors are extremely appealing because they are cost-
effective, facile to fabricate and can be easily scaled-up for high-throughput applications. Also,
since CSRGs are essentially superimposed SRGs, they can also be used in reflection or angular
scan setups, depending upon the desired application. In the future, further improvement in the
sensing assembly can be accomplished by integration of CSRGs into a microfluidic platform

providing rapid, better-controlled and automated setup.
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Figure 1. Azobenzene molecular glass based cross-grating structures. a. Schematics for

fabrication of cross gratings. b. Fabricated cross-grating structures with 550-nm pitch (Scale bar

=1 cm). ¢. Atomic Force Microscopy scan of the crossed region (scan size: 10 pm x 10 pm).
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Figure 2. Schematic of the optical setup for transmission-based spectroscopy using CSRGs. All
41 the components are placed in a collinear arrangement. The light from a halogen lamp passes
43 through a horizontal polarizer, and is incident on the CSRGs exciting the plasmons in two levels.
The resulting out-coupled light then passes through the vertical polarizer, eliminating all residual

48 light from the halogen lamp, except the plasmonic signal detected by the spectrometer.
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Figure 3. Normalized transmission spectra of the crossed region obtained by dividing
transmission spectra for (a) first polarizer vertical and second polarizer removed (b) first
polarizer horizontal and second polarizer removed and (c) first polarizer horizontal and second

polarizer vertical by the gold/azo-glass absorption spectra from an area where there is no grating.
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44 Figure 4. Bulk Sensitivity test. (a) Normalized SPR peaks for water and sucrose solutions of
46 different concentrations (5%, 10% and 20%). Red shift is observed as the concentration i.e.
48 refractive index of solution increases. (b) Due to the similar shape of the curves, wavelength
51 corresponding to 90% intensity after the SPR peaks is considered for measuring the sensitivity.
53 Wavelength (nm) vs refractive index (RIU) of each solutions results in a linear sensitivity curve
with slope i.e. sensitivity= 647.8 nm/RIU. No error bars are indicated since the standard

58 deviation for N = 3 is smaller than the size of the symbol representing the mean in the graph.
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Figure 5. Time-dependent streptavidin detection assay. (a) Schematics of streptavidin-biotin-
cysteamine complex on the nanoplasmonic sensors. (b) Observed Aspr value versus streptavidin
incubation time at 830 nM concentration. The inset shows the cumulative shift in Aspr observed
after addition of biotin and streptavidin to the cysteamine SAM system with error bars showing
the standard deviation from the mean observed shift (N = 2). (c) Dose-dependent binding study
at 0.83, 8.3, 83 and 830 nM streptavidin concentrations. The plot shows the real-time Aspr peak

shift over the incubation period.
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