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MPG. In addition, the proposed MPG nanostructure can be
prepared in scaled up means by UV-nanoimprint lithography for future practical applications.

Abstract: A novel metallic nanostructure for efficient
plasmon-enhanced fluorescence readout of biomolecular
binding events on the surface of a solid sensor chip is reported. It is based on gold multiperiod plasmonic grating
(MPG) that supports spectrally narrow plasmonic resonances centered at multiple distinct wavelengths. They
originate from diffraction coupling to propagating surface
plasmons (SPs) forming a delocalized plasmonic hotspot
associated with enhanced electromagnetic field intensity
and local density of optical states at its surface. The supported SP resonances are tailored to couple with the excitation and emission transitions of fluorophores that are
conjugated with the biomolecules and serve as labels. By
the simultaneous coupling at both excitation and emission
wavelengths, detected fluorescence intensity is enhanced
by the factor of 300 at the MPG surface, which when
applied for the readout of fluorescence immunoassays
translates to a limit of detection of 6 fM within detection
time of 20 min. The proposed approach is attractive for
parallel monitoring of kinetics of surface reactions in
microarray format arranged on a macroscopic footprint.
The readout by epi-ﬂuorescence geometry (that inherently
relies on low numerical aperture optics for the imaging of
the arrays) can particularly take advantage of the reported
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1 Introduction
In a variety of optical biosensors, plasmonic nanomaterials
become routinely employed for direct label-free analysis of
biomolecules based on the measurement of specific bindinginduced refractive index changes [1, 2]. In addition, we witness
rapid progress in the implementation of plasmonic nanomaterials for the ampliﬁcation of weak optical spectroscopy
signal in other biosensor modalities relying on ﬂuorescence,
Raman scattering, and infrared absorption spectroscopy [3–5].
Plasmon-enhanced fluorescence (PEF) spectroscopy
takes advantage of the increased intensity and local density
of optical states accompanied with the resonant excitation of
surface plasmons (SPs). These resonances originate from
collective oscillations of electron density and associated
electromagnetic field at the surface of metallic nanostructures. The coupling of SPs with fluorophores allows
their lifetime, quantum yield, excitation rate, and far-field
angular distribution of the emitted light to be effeciently
manipulated [6–8]. These phenomena can be tailored to
enhance the sensitivity of ﬂuorescence-based assays where
ﬂuorophores are used as labels. Then, plasmonic nanostructures are deployed at the sensor surface to increase the
signal-to-noise ratio of detected ﬂuorescence signal that is
attributed to the capture of the target analyte from the
analyzed liquid sample. In general, detected ﬂuorescence
intensity can be enhanced by the combined coupling of SPs
with ﬂuorophores at their absorption λab and emission λem
wavelengths [9, 10]. This interaction can (i) increase the
excitation rate at λab, (ii) improve extraction yield of ﬂuorescence light from the sensor surface by narrowing the
angular emission range at λem towards the detector, and (iii)
enhance quantum yield. The fact that the coupling with SPs
occurs locally within their conﬁned near-ﬁeld allows only
This work is licensed under the Creative Commons Attribution 4.0
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the ﬂuorescence signal emitted in the close proximity to the
sensor surface without increasing the background signal
originating from the bulk to be selectively ampliﬁed.
The coupling of SPs with fluorophores scales with their
near-field intensity strength, which is limited by Ohmic losses causing damping. Metallic nanostructures supporting
SPs with decreased damping can provide stronger near-field
intensity enhancement, which manifests itself as a spectrally
narrower surface plasmon resonance (SPR) [11–13]. However, if the spectral window where SPs are resonantly excited
becomes narrower than the Stokes shift of the used ﬂuorophores, the combined coupling at absorption λab and
emission λem bands is not possible, potentially leading to a
decrease of ﬂuorescence enhancement.
Metallic nanoparticles supporting localized surface
plasmons (LSPs) typically exhibit spectrally broad resonances that can be tuned to spectrally overlap with both λab
and λem of commonly used organic ﬂuorophores [14]. This,
however, holds true only for isolated or randomly arranged
metallic nanoparticles, where the excitation of LSPs with
an optical wave traveling from the far-ﬁeld is weakly
angular dependent. Periodic arrangement of nanoparticles
allows narrowing SPR spectral bands by diffraction
coupling of LSPs on individual nanoparticles giving rise to
delocalized lattice modes that exhibit sharp dispersive
spectral features [11, 12, 15–17]. A wide range of such
nanoparticle architectures has been developed to control
ﬂuorescence [18–21], allowing the detection of even single
molecules [22]. These systems nevertheless are typically
suitable for research, and their utilization to practical applications is hampered by the requirement of nanoscale
control of emitter placement at the metallic nanoparticle
and complex techniques needed for their manufacturing.
Besides LSPs, propagating surface plasmon (PSP) modes
can be excited on continuous metal ﬁlms. They exhibit less
conﬁned near-ﬁeld proﬁle compared to LSPs and are
dispersive over a broad spectral range. When interacting
with ﬂuorophores, the dispersive nature of PSPs can be
even exploited to angularly separate emission from ﬂuorophores exhibiting different λem to distinct angles in the
far-ﬁeld by using the SP-coupled emission [23]. On
continuous metal ﬁlms, periodic corrugation can provide
additional momentum in order to diffraction phase-match
optical waves propagating in the far ﬁeld with PSPs. These
Bloch-like modes are delocalized along the surface with
angular dispersive and narrow spectral characteristics,
allowing the excitation of ﬂuorophores at a certain angle,
facilitating emission via PSPs, and outcoupling to propagating modes at different angles [24–26]. In order to overlap narrow plasmon resonances with multiple spectral
windows, metallic nanoparticle assemblies supporting

hybrid SP modes can be used [27, 28]. They are formed by
the coupling of multiple metallic nanostructures, and architectures supporting both LSP and PSP modes have been
studied [29, 30]. These systems support multiple hybrid SP
modes at distinct wavelengths; however, they typically
conﬁne electromagnetic near-ﬁeld intensity at different
locations on the structure and thus do not allow for the
simultaneous probing of species placed in their proximity
at respective spectral windows.
Plasmonic nanostructures can be prepared by a range
of lithography techniques providing different level of
control over their properties. While large areas of homogeneous flat metallic films are easily prepared by vapor
deposition techniques [31], their optical properties are
mostly determined by the choice of material. Metal island
ﬁlms, often created by vapor deposition [32], can support
LSP modes with local hotspots exhibiting broad size distribution and lack of order. Colloidal lithography techniques allow the preparation of domains with ordered
patterns of metallic nanostructures [33]. Electron beam
lithography is often employed to create almost arbitrary
morphology of metallic nanostructures with high precision
[34]. However, it is still considered as complex and not well
suited for cost-efﬁcient large-scale production. Laser
interference lithography (LIL), a method where interference pattern formed by overlapping coherent light beams
is transferred to a photosensitive material, allows us to
quickly and relatively inexpensively structure large areas
with periodic corrugation such as holographic gratings,
nanohole, or nanoparticle arrays [35, 36].
Nanoimprint lithography (NIL) represents another
promising approach to address scalability in nanofabrication. Molds carrying a structure that can be prepared by more complex methods are then employed to
repeated transfer of the target motives into an imprint resist
[37]. The precise replication of patterns with feature size
below 20 nm [38] paved the way towards the application in
modern semiconductor manufacturing. In parallel, highthroughput NIL methods are developed to produce nanostructured surfaces, even on ﬂexible substrates [39].
Herein, we report a new approach to plasmonic
nanostructures supporting multiple tunable resonances
with delocalized plasmonic hotspot along the surface and
we tailor them for the simultaneous coupling with fluorophores at both their absorption and emission bands. It is
based on multiperiod plasmonic gratings (MPGs) that are
engineered to diffractively couple near-field SP field to farfield optical waves traveling at desired wavelengths and
directions. The optical surfaces are prepared by UV-LIL
that is combined with UV-NIL in order to open the door for
potential scaled up preparation. The developed type of
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MPGs is particularly beneficial for fluorescence biosensors
with array detection format and in situ readout of reaction
kinetics that relies on inherently low numerical aperture
optics for the excitation and collecting of ﬂuorescence
light. We show that the developed structure offers strong
enhancement of ﬂuorescence signal by a factor of 300,
enables the monitoring of afﬁnity binding that is not
masked by the bulk signal, and, when applied to an
immunoassay, allows rapid detection of the target analyte
at concentrations as low as 6 fM on multiple spots in
microarray format.

2 Materials and methods
2.1 Materials
Microscope slides made of BK7 glass were purchased from Carl Roth
(Germany) and used as substrates. The positive photoresist MICROPOSIT S1805 G2 and its developer AZ303 were bought from Microresist
(Karlsruhe, Germany), and the nanoimprint resist Amonil MMS10
was acquired from Amo GmbH (Berlin, Germany). The silicone kit
DOWSIL Sylgard 184 was purchased from Conrad GmbH (Wels,
Austria). Dithiols with carboxylic head group (SPT-0014A6,
COOH-OEG6-dithiol) and oligoethylene glycol head group (SPT-0013,
OH-OEG3-dithiol) were from SensoPath Technologies (Bozeman, MT,
USA). Antimouse IgG conjugated with Alexa Fluor 790 (AF790) came
from Thermo Fisher Scientific-Life Technologies (Eugene, OR, USA).
Phosphate buffered saline (PBS), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), ethanolamine,
Tween 20, bovine serum albumin (BSA) and purified mouse IgG were
acquired from Sigma–Aldrich Handels-GmbH (Vienna, Austria).

2.2 Preparation of MPG nanostructures
UV-LIL [40] was employed for the preparation of MPG nanostructures.
Brieﬂy, a laser beam with λ = 325 nm was collimated and expanded in
order to perform the recording over an area of 1 cm2 with homogenous
intensity of about 15 μW/cm2. A glass or Si wafer substrate coated with
a 500-nm thick ﬁlm of positive photoresist S1805 was mounted into a
Lloyd’s mirror conﬁguration to record sinusoidally modulated ﬁeld
intensity formed by the interference of two parts of the beam – one
directly impinging at the resist layer and that other reﬂected by a UV
mirror (Figure S1A). The period of the modulation Λ was controlled by
changing the angle of the interfering beams θ. Multiple subsequent
exposures of different periods Λ were performed in order to yield the
target structure. In this work, the exposure of the period of Λ1 = 564 nm
was followed by two additional orthogonal exposures carried out with
an interference ﬁeld period set to Λ2 = Λ2 = 583 nm. Between each
recording step, the substrate with resist layer was rotated by an
azimuthal angle φ along the axis perpendicular to its surface. Next, the
structure was etched into the photoresist by a developer and its
topography was cast to polydimethylsiloxane (PDMS), which was
used as a working stamp for the preparation of multiple copies by
UV-NIL (Figure S1B). The PDMS was cured at room temperature for
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48 h. For a small reduction of the pattern period, it is possible to cure
the stamp at an elevated temperature of 60 °C. The thermal shrinking
of the cured working stamp after the cooling to room temperature
reduces the pattern period Λ by about 1%. To prepare the plasmonic
sensor chips by UV-NIL, glass slides were coated with a 130-nm layer
of the nanoimprint resist Amonil MMS10, contacted with the working
stamp, allowed to rest for 5 min, and were cured by UV cross-linker
Bio-Link (Vilber Lourmat, Collégien, France) with 2 J cm−2 irradiation
dose at 365 nm (Figure S1C). The PDMS stamp was ﬁnally demolded,
and the corrugated glass substrates with casted MPG topography on
their top were subsequently coated with 4-nm-thick Cr and 100-nmthick Au layers by vacuum thermal evaporation instrument Auto306
from HHV Ltd (Crawley, UK).

2.3 Characterization of MPG nanostructures
The topography of MPG nanostructures was studied with atomic force
microscope PicoPlus from Molecular Imaging (Arizona, USA). The
spectrum of PSP modes that are optically excited on the gold-coated
MPG structures was observed from reflectivity measurements with the
structure clamped against a transparent flow cell that was flooded with
water. The polychromatic light beam of a halogen lamp was collimated,
polarized with a Glan polarizer, and made impinging at the MPG
structure. For a beam incident normal to the surface, a beam splitter
cube (CCM1-BS013 from Thorlabs, New Jersey, USA) was used to separate the incident and reflected beams. The reflected light beam was
collected by an optical fiber and brought at the input of a spectrograph
(Shamrock 303i from, Andor, New York, USA). As a reference, a flat goldcoated glass substrate was used.

2.4 Sensor chip and surface modification
Immediately after the deposition of thin metallic layers, the substrates
were incubated in an ethanolic thiol solution of 0.1 mM
COOH-OEG6-dithiol and 0.9 mM OEG3-dithiol overnight in order to
form a self-assembled monolayer (SAM). After rinsing with ethanol
and drying with a stream of compressed air, the prepared samples
were stored in argon atmosphere at room temperature until further use
to ensure their stability over weeks [41].

2.5 Optical reader
Readout of the binding of biomolecules labeled by a fluorophore on
the sensor chip with MPG nanostructure and the investigation of the
enhancement strength provided by this nanostructure were carried
out using a setup with epi-illumination fluorescence geometry. It
was designed to image an area of 4 × 4 mm on the sensor chip with
MPG at a scientiﬁc EM-CCD camera (iXon 885K from Andor, Belfast,
UK) by the optical system with a numerical aperture of NA = 0.2. A
monochromatic beam emitted from diode laser iBeam Smart 785S
with λex = 785 nm from TOptica, Photonics AG (Gräfelﬁng, Germany)
passed through a laser cleanup ﬁlter (BP λex, LL01-785 from
Semrock, Rochester, NY, USA) and a spatial ﬁlter consisting of a
60× microscope objective, a 40 µm pinhole, and recollimation lens
(lens 1, AC-254-40-B from Thorlabs, Newton, NJ, USA). The central
part of the expanded and collimated beam was polarized (POL,
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LPVIS100 from Thorlabs, Newton, NJ, USA) and directed towards the
sample by a dichroic mirror (DM) module. It comprised a DM
(Di02-R785 from Semrock, Rotchester, NY, USA) oriented by 45° with
respect to the axis of the module, and its central area with 2-mm
projected diameter was coated with 100-nm-thick gold serving as a
central mirror (CM). The excitation beam at the wavelength of
λex = 785 nm was focused at the CM by a lens (lens 2, AC-254-35-B
from Thorlabs, Newton, NY, USA), and the reﬂected beam was recollimated with another lens (lens 3, AC-254-40-B from Thorlabs,
Newton, NJ, USA). The collimated excitation beam was made normally incident at the sensor chip surface that carried MPG nanostructure. The distance between the DM module and the sensor chip
was set to the focal distance of lens 3. In this conﬁguration, the
reﬂected excitation beam λex was focused again at the CM and reﬂected away from the detector arm. Contrary to the excitation beam
λex, the ﬂuorescence light emitted from the sensor chip surface at
longer wavelength λem propagated at deviated angles and thus the
majority of its intensity passed through the DM module towards the
detector. The surface of the sensor chip was imaged at the detector plane
by an imaging lens (lens 4, AC-254-80-B from Thorlabs, Newton, NJ,
USA). In the detector arm, a notch ﬁlter (NF03-785E-25 from Semrock,
Rotchester, NY, USA) and a ﬂuorescence bandpass ﬁlter (FF01-810/10-25
from Semrock, Rotchester, NY, USA) were used to suppress the intensity
of the excitation beam that leaked through the dichroic ﬁlter with the
CM. Fluorescence images were acquired with a scientiﬁc EM-CCD camera operated at −70 °C and with EM gain set to 100. In-house-developed
LabView software (LabView 2015, NI, Austin, TX, USA) was used to
acquire image series and it comprised the data processing for determining the average signals on arrays of preselected spots and their
progression over time.

2.6 Bioassay
For testing the analytical performance that is advanced by using
sensor chips with the MPG nanostructure, a transparent flow cell was
clamped on their top and the assembly was loaded to an optical
fluorescence reader system. The flow cell consisted of a fused silica
glass substrate with drilled input and output ports and a thin gasket
cut from a 100-μm-thick PDMS sheet. The volume of the used flow
chamber defined by the PDMS gasket was of several microliters, and
aqueous samples were transported through the flow cell by using a
peristaltic pump (from Isamtec, Switzerland).
The sensor chip carried a gold layer modified by a thiol SAM with
carboxyl (COOH) and oligoethylene glycol (OEG) groups. In order to
covalently couple protein ligands carrying amine groups, the COOH
moieties on the thiol SAM were activated by a flow of an aqueous
solution with 75 mg mL−1 EDC and 21 mg mL−1 NHS for 15 min. After
rapid rinsing with acetate buffer of pH 4, mouse IgG dissolved (protein
ligand) at a concentration of 50 μg mL−1 in acetate buffer was ﬂowed
through the sensor and allowed to react with the gold sensor chip
surface for around 90 min. The unreacted COOH groups were
passivated by a 1 M ethanolamine solution in H2O, adjusted to pH 8.5.
Immediately after the functionalization step, the sensor chip was used
for the readout of model bioassay and liquid samples with increasing
concentration of antimouse IgG conjugated with AF790 were
sequentially ﬂowed through the sensor (incubation time of 15 min for
each concentration, followed by a rinsing step with buffer). All assay
components were dissolved in PBS containing 0.05% Tween 20 and
1 mg mL−1 BSA.

2.7 Numerical simulations
The finite-difference time-domain method implemented in commercial
software was employed from Lumerical Inc. (Canada). Optical near-field
calculation of the electric field intensity distribution was performed at a
wavelength that is coincident with the absorption band of the chosen
emitter (λ = 785 nm). Fluorophore emission was studied by representing
→
a ﬂuorophore as an oscillating electric dipole. Both absorption μ ab and
→
emission μ em dipoles were assumed randomly oriented, and the
respective optical response was averaged over all their possible orientation and locations on the surface. A computation cell was deﬁned with
lateral dimensions of 20 × 20 µm along the structure surface and height
of 8 µm was used. Perfectly matched layer boundary conditions were
applied to all boundaries. Cartesian coordinates were used and the axes
in the plane of the structure are noted perpendicular (t) and parallel (||)
and the axis perpendicular to the structure as z. The emitter was placed
15 nm above the gold corrugated surface in the z direction. The
wavelength-dependent refractive index of gold nm was modeled by
ﬁtting a Drude-Lorentz model to data from the CRC Handbook on
Chemistry and Physics while the refractive index of water as bulk medium was assumed nondispersive with ns = 1.332. To study the spectrum
of supported plasmonic modes, the MPG structure was illuminated with
a plane wave source from above the bulk dielectric with refractive index
ns. Monitor planes were used 300 nm below and 700 nm above the
surface to record the electrical ﬁeld and calculate transmission and
reﬂectivity. Furthermore, far-ﬁeld distribution of the ﬂuorescence
emission in epi-ﬂuorescence conﬁguration was calculated by applying a
far-ﬁeld transformation to the reﬂectivity monitor.

3 Theory and experiment
The concept of MPG was pursued for the enhancement of
fluorescence signal by using corrugation of a thin metal
film with several encoded superimposed periodic modulations. These modulation components enable the precise
design of the spectrum of excited plasmonic modes with

Figure 1: Concept of the MPG-based sensor readout.
(A) Schematics of the surface of multiresonant MPG structure that
carries a biointerface on its top to affinity capture fluorophore-labeled
biomolecules that are probed by surface plasmon modes at its excitation and emission wavelengths. (B) Example of the absorption and
emission spectra for selected fluorophore Alexa Fluor 790.
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respect to the characteristics of the used fluorophores.
Further, the structure was tailored for the amplification of
fluorescence assays that utilize a near-infrared (NIR) fluorophore Alexa Fluor 790 (AF790) as a label. The MPG,
schematically shown in Figure 1A, was implemented with
grating periods suitable to resonantly excite PSPs on its
surface at wavelengths that coincide with the excitation
wavelength λex = 785 nm and emission wavelength
λem = 810 nm of A790 (see respective absorption and
emission peaks in Figure 1B). In the NIR wavelength range,
the resonant excitation of PSPs at regular gold grating
surfaces is manifested as a spectral dip in the reﬂectivity
spectrum with a width of about ΔλFWHM = 15 nm, which is
substantially narrower than the Stokes shift of available
ﬂuorophore labels (including that for the chosen AF790
with λem–λab = 23 nm). Therefore, the MPG was developed
in order to support two distinct plasmonic resonances that
provide enhanced intensity of PSP ﬁeld at both excitation
and emission wavelengths of AF790 in order to locally increase the excitation rate (at λex) and take advantage of
SP-mediated emission with diffractive outcoupling of
ﬂuorescence light trapped by PSPs (at λem) towards the
detector. The importance of these contributions to amplify
the measured ﬂuorescence intensity is experimentally and
theoretically demonstrated, and it is utilized for ultrasensitive ﬂuorescence-based detection of biomolecules.
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3.1 Topography of MPG structure
The MPG structure with three superimposed periodic corrugations was investigated and prepared by UV-LIL. A thin
photoresist layer was sequentially exposed to series of sinusoidal patterns formed by two coherent interfering plane
waves, and the final corrugation structure was yielded by
its etching. The first recording of a shorter period
Λ1 = 563 nm was followed by two additional longer periods
Λ2 = Λ3 = 586 nm that were rotated around the axis
perpendicular to the surface by an azimuthal angle of
φ = 45° and −45° (see Figure S1A). The superimposed
interference ﬁeld pattern is simulated in Figure 2A, and the
respective etched corrugation proﬁle can be described as
the following height dependence:
3
→
2π → →
h r   ∑ ai sin k i · r  ,
Λi
i1

(1)

where ai is the
→ amplitude, Λi is the period of corrugation
components, k i is the unit vector deﬁning its orientation in
→
the MPG plane (i = 1, 2, 3), and r is the distance in the plane
of the structure. Multiple substrates with identical corrugation proﬁle were prepared by UV-NIL and coated with a
100-nm-thick Au ﬁlm by vacuum thermal evaporation
(Figure S1C). Atomic force microscopy was used to determine
the topography of the prepared MPG, and the maximum

Figure 2: Designed MPG structure.
(A) Orientation and periods of sequentially
recorded overlaid sinusoidal corrugations
by using UV-LIL method. (B) Measured
topography of prepared MPG surface by
AFM. (C) 2D FFT of the corrugation profile of
the MPG structure. UV-LIL, UV-laser
interference lithography; FFT, fast Fourier
transform; AFM, atomic force microscopy.
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corrugation depth of about 70 nm (difference in height of the
topography) was observed, Figure 2B. The structure topography was further analyzed in more detail by 2D fast Fourier
transform in order to reveal its periodic components. The
obtained results are presented in Figure 2C, and they show
clear peaks corresponding to recorded superimposed sinusoidal corrugations with periods Λ1, Λ2, and Λ3. The depen→
dence of the respective orientation of k i vectors agrees with
the azimuthal angles φ used in the recording process. The
modulation amplitude for each corrugation was determined
to be around a1 = a2 = a3 = 8 nm. This value is close to that
used for the ﬁrst order diffraction coupling to PSPs on the
gold surface in the NIR part of the spectrum as shown before
in literature [42].

3.2 Diffraction coupling to SPs by MPG
Periodically corrugated metallic surfaces allow for the
phase matching of optical waves propagating in the far
field with the near-field PSPs traveling along these surfaces. In general, the investigated geometry of MPG with
multiple harmonic components allows fulfilling the phasematching condition via its individual spectral components
or their combination. For shallow corrugations, the
wavelength-dependent propagation constant of PSPs in
transverse magnetic polarization can be approximated by
that for plane metal surface:
⎬ →
⎨ n2 · n2 ⎫
→
→
2π ⎧
k SP  Re⎩ 2m s2 ⎭  e⊥ sinφ + e|| cosφ ,
λ
nm + ns

(2)

where nm and ns are the refractive indices of the metal and
the adjacent (water) dielectric, respectively, φ is azimuthal
angle, and e/t and e/|| are the unit orthogonal vectors
in the plane of the MPG. The momentum of the incident
beam becomes phase matched with that of PSPs when the
following condition holds:
3
→
→
→
2π
2π →
± k SP  ns cos(θ) e⊥ sinφ + e|| cosφ + ∑ mi ki ,
λ
Λi
i1

(3)
where θ and φ are the polar and azimuthal angles,
respectively, of a plane wave traveling in the dielectric with
a refractive index ns , Λi is the period of corrugation com→
ponents, k i is unit vectors deﬁning its orientation in the
MPG plane (i = 1, 2, 3), and integers (m1, m2, m3) refer to a
diffraction order.
The prepared gold-coated MPG structure was brought
in contact with water exhibiting ns = 1.332, and the
specular reﬂectivity spectrum R0 was measured for the

Figure 3: Plasmonic modes. Zero-order reflectivity spectrum
measured for the normally incident beam at the MPG surface
brought in contact with water (ns = 1.332).

normally incident optical beam (θ = 0, φ is arbitrary). As
seen in Figure 3, it exhibits two narrow dips centered at
wavelengths of 784 and 817 nm and the coupling strength
to shorter wavelength resonance can be controlled by the
polarization of the incident optical beam. For the parallel
polarization, the SPR at shorter wavelength is strongly
pronounced, while when rotating the polarization to
the perpendicular direction, it diminishes. The longer
wavelength SPR dip is not sensitive to polarization
changes. This behavior clearly relates to the fact that the
short wavelength SPR originates from the diffraction on
the corrugation component Λ1 (which is recorded with
only one azimuthal orientation) while the longer wavelength resonance is associated to the corrugation components Λ2 and Λ3 (forming a crossed grating with two
identical orthogonal corrugations). The spectral position
of shorter and longer wavelength resonances observed in
the specular zero-order reﬂectivity spectrum (R0) can be
ascribed by using equation (3) to ﬁrst-order diffraction
coupling. The resonance at 785 nm is associated with the
excitation of PSPs via the order (1,0,0) and the one at
810 nm to (0,1,0) and (0,0,1). Interestingly, the higher
order coupling is not apparent in the visible-NIR spectral
window of measured specular reﬂectivity R0. It is worth of
noting that the spectral position of short and long
wavelength SPRs can be tuned by changing the respective periods Λ1 and Λ2/Λ3 (see Figure S2A) and thus the
reported MPG concept can be implemented for other
emitters absorbing and emitting at different wavelengths
λab and λem, respectively. Moreover, the coupling
strength of PSPs with optical wave that impinges from the
far ﬁeld depends on the modulation depth ai and on the
polarization of the incident ﬁeld with respect to the
grating vector as illustrated in Figure S2B.
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3.3 Simulations of PEF on MPG
The MPG structure exhibits two distinct resonances that
coincide with the absorption and emission wavelengths of
the AF790 fluorophore λab and λem, respectively. The
coupling of this ﬂuorophore with the enhanced intensity of
→
electric ﬁeld | E |2 of resonantly excited PSPs at these wavelengths was studied using numerical simulations. The ﬂuorophore was represented as an inﬁnitesimally small electric
dipole placed at a distance of 15 nm from the gold surface,
which was chosen with respect to a typical immunoassay
experiment considering the size of immunoglobulin G antibodies (13.7 × 8 × 4 nm [43]) and the fact that it is above the
distance where strong quenching occurs [44]. The ﬂuorescence emission has dipole characteristics [45, 46], and it
cannot be excited when the orientation of the electric ﬁeld
→
→
E is perpendicular to the emitter absorption dipole μ ab . In
the reported experiments, ﬂuorophores were conjugated to
proteins by ﬂexible molecular linkers with high degree of
rotational freedom, which leads to randomizing its orientation in the ﬂuorescence lifetime and consequently to an
isotropic emission proﬁle. Therefore, all possible orienta→
→
tions of the ﬂuorophore absorption μ ab and emission μ em
dipole were accounted for and averaged with respect to PSP
→
electric ﬁeld E .
The excitation rate of a fluorophore is a function of the
→
scalar product of the local electric field E at λex and ab→
sorption moment of the ﬂuorophore μ ab . Assuming the
excitation rate is far below saturation, it can be expressed
→ →
as ∝| μ ab · E |2 and thus being proportional to the electric
→→
ﬁeld intensity enhancement | E / E 0 |2 accompanied with
the resonant excitation of PSPs, which is strongest for
→
the E component perpendicular to the surface. It reaches
→ →
value | E |2 /| E 0 |2 = 160 (normalized with the intensity of the
→
incident ﬁeld intensity | E 0 |2 ) for the resonant coupling of
light to PSPs at λex = 785 nm and the distance of 15 nm from
the surface after the averaging along the structure corrugation (see Figure S3). This electric ﬁeld intensity
enhancement yields the mean ampliﬁcation of the excitation rate of the emitter with randomly oriented absorption
→
moment μ ab of 53, compared to an emitter in a homogeneous medium, which is similar to the excitation rate
enhancement reported for excitation in attenuated total
reﬂection (ATR) conﬁguration with Kretschmann geometry
[47].
After the PSP-enhanced excitation of the fluorophore at
λex, its emission can also be mediated by these modes at λem
as is analyzed further. These modes are generated upon the
emission process by the near-ﬁeld coupling and travel along
the MPG surface. They become subsequently diffraction
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outcoupled to far-ﬁeld waves that propagate away from its
surface in the perpendicular direction. The emission characteristics mediated by the coupling to PSPs were averaged
over all lateral positions and orientations of emission
→
moment μ em (assuming rapid rotation of ﬂuorophore on the
surface within the lifetime of its excited state). As shown in
the simulated angular distribution of ﬂuorescence intensity
emitted to the far ﬁeld above the MPG in Figure 4A, it exhibits
a pattern with multiple narrow dispersive bands that are
attributed to ﬁrst-order diffraction on the corrugation components Λ1, Λ2, and Λ3, with corresponding diffraction order
of (±1,0,0), (0,±1,0), and (0,0,±1), respectively. Clearly, these
bands converge at the center, which consequently increases
the probability of ﬂuorescence emission to waves traveling at
small polar angle θ. Assuming a ﬂuorescence collecting cone
corresponding to a numerical aperture of 0.2, the MPG
structure redirects the ﬂuorescence light, so the detected
intensity is enhanced by a factor of 8.2 with respect to a
dipole in a homogeneous medium, where the emission is
omnidirectional, and a factor of 6.2 compared to a dipole on a
ﬂat gold surface. MPG shows an additional 30% improvement compared to previous work utilizing a crossed grating

Figure 4: Surface plasmon-coupled emission at λem.
(A) Simulated and (B) measured angular distribution of fluorescence
light emitted from MPG surface with indicated diffraction orders.
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that was tuned to couple to plasmons at the excitation
wavelength only [48].

3.4 Experimental observation of PEF on MPG
In order to measure the fluorescence signal amplified by the
developed MPG nanostructure, its gold surface was modified
with a mixed thiol SAM carrying OEG and COOH groups. The
OEG thiol in the mixed thiol SAM was used to provide protection against unspecific binding of proteins present in
analyzed liquid sample, and the smaller fraction of thiols
carrying the COOH end group was employed for the postmodification of the sensor surface with functional groups.
Firstly, mouse IgG conjugated with AF790 was covalently bound to the COOH moieties on the surface by using
the amine coupling, and the angular distribution of fluorescence light emitted from MPG was measured. This
experiment was performed using an in-house-developed
fluorescence reader configured to image the back focal plane
of the objective lens placed before the sensor chip with MPG
(lens 3 in Figure S4, back focal plane cuts the CM as indicated). The imaged angular distribution of emitted ﬂuorescence light was measured by an EM-CCD detector in the
range from θ = −10.2 to 10.2°, Figure 4B. This image shows six
dispersive bands originating from ﬁrst-order outcoupling of
PSP-mediated ﬂuorescence emission at λem at angles that
agree with the simulations presented in Figure 4A.
Then, the configuration of the optical system of the
reader was changed to image the surface of MPG to the
EM-CCD detector to allow fluorescence readout of bioassays on the sensor chip. These measurements were carried out to evaluate the impact of individual components of
the investigated MPG nanostructure to the fluorescence
enhancement. The imaged area on the sensor chip was
prepared so six different zones were coated with the same
gold film and carrying the same surface density of IgG
conjugated with AF790, see Figure 5A and D. The ﬁrst
reference zone was ﬂat, the second and third zones were
corrugated with only one component Λ2 and Λ3, the fourth
and ﬁfth zones carried two superimposed components Λ1,
Λ2 and Λ1, Λ3, and the sixth zone comprised all components
Λ1, Λ2, Λ3 forming the full MPG structure. The sensor chip
with all six zones carrying IgG-AF790 conjugates on their
top was illuminated with a collimated and linearly polarized beam at λex, and the intensity of emitted ﬂuorescence
light at λem was collected and imaged to the EM-CCD detector. In order to distinguish between the impact of plasmonically enhanced excitation at λex and plasmon-coupled
emission at λem, the polarization of the excitation beam

was rotated so the SPR at the excitation wavelength λex was
switched on and off (see Figure 3). The obtained ﬂuorescence images are presented in Figure 5A–C. They show
increased ﬂuorescence signal in a circular illuminated area
that is sliced to sections representing the six zones carrying
different combinations of spatial components Λ1, Λ2, and
Λ3. The ﬂuorescence intensity was averaged over the surface of each zone, and the value measured outside the
illuminated area was subtracted in order to compensate for
stray light and a dark signal of the EM-CCD detector. Then,
the intensity from structured zones was normalized with
that measured on a reference ﬂat surface, and the obtained
enhancement factors are summarized in the table included
in Figure 5E.
For the perpendicular polarization of the excitation
beam ⊥ (which does not couple to surface PSPs at λex via
corrugation component Λ1), the impact of MPG to the
SP-coupled emission at λem was investigated. As Figure 5A
shows, the presence of individual corrugations Λ2 and Λ3
provided the enhancement factor of collected ﬂuorescence
light intensity F of 3.7. On the zones when these components
are overlaid with Λ1, this factor increases to 17, and when all
the components Λ1,2,3 are present, it raises to about 25. Let us
note that the latter two enhancement values are substantially higher than the value predicted by simulations for the
outcoupling of the emission occurring via PSPs at λem (factor
of 6.2). This observation can be attributed to partial miss
alignment of the excitation beam polarization which leads to
weak coupling to PSPs at the excitation wavelength λex,
which amends the excitation rate of the attached ﬂuorophores. For the parallel polarization of the excitation beam
||, the enhancement by individual corrugations Λ2 and Λ3
provided the same enhancement factor of 3.7. On the zones
where these components are superimposed with Λ1, the
enhancement factor of 248 was measured, which is about 67
times higher than on the surface without this component
and which agrees well with the predicted contribution of the
enhanced excitation rate at λex of 53. On the zone where all
components were present, additionally higher enhancement
factor of 300 was determined with respect to the ﬂat surface
where both the excitation rate enhancement at λex by Λ1 and
the improving of collection yield at λem by Λ2 and Λ3 are
combined.

3.5 Readout of fluorescence immunoassay
kinetics
The ability of the MPG nanostructure to enhance the performance characteristics of a fluorescence assay was
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Figure 5: Experimentally determined fluorescence enhancement factors. Fluorescence images taken from an area, where different
combinations of spatial MPG components are present. Polarization of the excitation beam was (A) orthogonal and (B,C) parallel to the grating
Λ1. (D) Photograph of the prepared MPG with highlighted areas carrying different spectral components of MPG and (E) comparison of the
respective enhancement factors with respect to that measured for the ﬂat surface.

demonstrated for a microarray detection format. In this
experiment, there was used the optical reader schematically shown in Figure 6A and a sensor chip with MPG
nanostructure was interfaced with a ﬂow-cell as indicated
in Figure 6B. In this sensor conﬁguration, the ﬂuorescence
signal F was measured as a function of time t from 21 circular spots deﬁned on the sensor chip surface (see
Figure S5). Each spot exhibited 220-µm diameter, and spot
numbers 5, 8, 6, 9, 12, 10, 13, and 16 were deﬁned on the
sensor chip area in the ﬂow cell chamber with the full MPG
nanostructure coated with gold ﬁlm. In addition, reference
spots 1, 2, 3, 4, 7, 13, and 21 were placed outside the ﬂow cell
chamber, and reference spots 11, 15, 20, 14, 17, and 18 were
deﬁned inside the ﬂow cell on the area with a ﬂat gold ﬁlm
not carrying the MPG. The gold surface on the MPG inside
the ﬂow cell was functionalized by using the same mixed
thiol SAM and amine-coupling strategy by mouse IgG
molecules that were not labeled by a ﬂuorophore. These
biomolecules served as a ligand and allowed for afﬁnity
capture of target analyte (antimouse IgG conjugated with
AF790) from the aqueous sample transported along the
sensor surface through the ﬂow cell chamber.
Initially, buffer was flowed through the sensor for at
least 10 min until a stable baseline in the sensor response
Fb was established for all sensing spots 1–21. Afterward, a
series of samples spiked with a target analyte (antimouse

IgG conjugated with AF790) at concentrations between
10 fM and 10 nM was ﬂowed over the sensor surface and its
afﬁnity binding at the array sensing spots was monitored
through changes in the ﬂuorescence signal F. The ﬂuorescence signal deriving from each spot was averaged from
the acquired images over its area and plotted by using inhouse-developed LabView-based software. Variations in
light source intensity were corrected by subtracting the
signal of an illuminated reference spot outside the microﬂuidic channel from all other curves (spots 1, 2, 3, 4, 7, 13,
and 21).
In a first step, the fluorescence signal was monitored
for the affinity binding of high analyte concentrations (1
and 10 nM); therefore, the reader was conﬁgured for the
monitoring of strong ﬂuorescence intensities F (intensity of
the excitation beam irradiating the sensor chip surface at
λex was 30 μW cm−2, irradiation time of 0.3 s, with image
accumulation of 10). Figure 7A compares the ﬂuorescence
signal kinetics F(t) for two spots on the surface with gold
MPG (red-colored curves) and two reference spots with ﬂat
gold surface (green-colored curves) where baseline signal
Fb was subtracted from the acquired signal. Each sample
was ﬂowed over the surface for 20 min followed by 10 min
rinsing. These data reveal the afﬁnity binding manifests
itself as a gradual increase in the ﬂuorescence signal ΔF
until saturation is reached, then upon the rinsing step a
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Figure 6: Optical biosensor reader.
(A) Schematics of the optical configuration
for the measurement of fluorescence signal
kinetics from arrays of spots on the MPG
sensor surface imaged to the detector.
(B) Sensor chip with MPG structure that is
interfaced with a flow cell and indication of
the selected sensing spots. POL, polarizer;
BP, bandpass filter; NF, notch filter; DM,
dichroic mirror; CM, center mirror.

slow decrease in the ﬂuorescence signal occurs due to
dissociation of afﬁnity bound molecules. The irradiation power at λex was selected to prevent the ﬂuorophore labels from bleaching within the reaction
time. The sensor response ΔF to the analyzed sample
was deﬁned as a difference in the ﬂuorescence signal

between the original baseline and after the 5 min
rinsing. The measured data show that the MPG
structure enhanced the ﬂuorescence sensor response
by a factor of 292 with respect to the ﬂat surface,
which is consistent with previous observations performed without the kinetics readout (see Figure 5).

Figure 7: Biomolecular binding kinetics
observed for a model IgG–anti-IgG on the
MPG surface. The fluorescence reader was
configured for detection of (A) high
fluorescence intensities and (B) low
fluorescence intensities for which the
respective (C) calibration curve was
established. The caption R states for the
rinsing and red curves correspond to data
measured on the MPG surface and green
curves on the reference flat gold surface.

S. Fossati et al.: Multi-resonant plasmonic nanostructure

In a second step, the reader was configured for the
monitoring of weak fluorescence signal in order to
decrease the limit of detection (LOD) of the performed
model assay (intensity of the excitation beam irradiating
the sensor chip surface at λex was raised to 265 μW cm−2,
irradiation time 30 s, without accumulation of images). In
Figure 7B, the kinetic measurement of the ﬂuorescence
signal F(t) for the target analyte concentrations of 10, 50,
and 100 fM is shown. For the spots on the nonstructured
reference area (green-colored curves), no measurable
change in signal was observed, while on the area structured with gold MPG, a clear increase in F(t) for all shown
concentrations is detected. The kinetics of the reaction
presented in Figure 7B is qualitatively different from that in
Figure 7A. The ﬂuorescence signal intensity F(t) faster
saturates at already low concentrations where only a small
fraction of available binding sites is occupied by the target
analyte conjugated with AF790 and it also faster decreases
upon the rising step. These effects are caused by the more
pronounced bleaching occurring due to the more intense
irradiation power at λex.
From the measured kinetic data, the calibration curve
presented in Figure 7C was established and the respective
LOD was determined. The ﬂuorescence response ΔF on the
MPG structure was plotted against the analyte concentrations of 10 fM, 50 fM, 100 fM, 0.5 pM, 1 pM, and 5 pM in loglog scale and ﬁtted by a linear function with a slope
S = 0.95 counts/30 s/fM. The LOD was determined from the
intersection of the ﬁtted calibration curve with three times
the standard deviation of the ﬂuorescence background
3σ(F), where σ(F) = 0.75 counts/30 s. The achieved
(average) LOD is 6 fM for the used measuring spot numbers
5, 8, 6, 9, 12, 10, 13, and 16. It should be noted that the imaged
area of 4 × 4 mm can accommodate up to 270 of these spots,
which can be used for parallel monitoring of biomolecular
binding kinetics undisturbed by the background signal
originating from the bulk, owing to the local enhancement
of emitted ﬂuorescence signal at the sensor chip surface.

4 Conclusions
A novel metallic nanostructure with a delocalized plasmonic hotspot and multiple SPR wavelengths is reported
and its tailoring for PEF is discussed. It is based on a MPG
that supports series of spectrally narrow (15 nm width)
resonances associated with the diffraction coupling to PSP
modes. These substrates were utilized for ﬂuorescence
immunoassay measurements, which show an enhancement factor of 300× on the MPG surface with respect to a
nonstructured surface carrying the same biointerface
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architecture. This enhancement factor is about 2× as high
as previously reported by our group for single period
crossed grating tuned for the excitation enhancement only
[48] and more than 5× higher than what has been reported
for PEF with the ATR method and Kretschmann conﬁguration [49]. In conjunction with a reader allowing spatially
resolved monitoring of ﬂuorescence intensity from multiple spots arranged in a footprint of 16 mm2, there is
demonstrated the possibility of highly parallelized measurement of afﬁnity binding kinetics that is not masked by
the background single originating from the bulk and with
high sensitivity enabling reaching the LOD of 6 fM. The
reported LOD is about 66× improved compared to similar
assays reported by our previous work on single period
crossed gratings and ATR-based PEF [49]. By changing the
periods of the superimposed periodic structures, the proposed MPG concept can be utilized for arbitrary emitters in
the red and infrared part of the spectrum (for a gold surface) or at shorter wavelengths (for silver or aluminum)
covering a wide range of available ﬂuorophore labels. In
addition, the ability to translate the MPG preparation process to mass production compatible technologies such as
UV-NIL in roll-to-roll format in conjunction with deploying
of novel antifouling biointerface architectures [50] may open
a pathway for future industrial applications (including
analysis of trace amounts of diseases biomarkers in bodily
ﬂuids, which is a topic for the follow-up work).
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