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Abstract: Upconversion luminescence (UCL) has great

potential for highly sensitive biosensing due to its unique

wavelength shift properties. The main limitation of UCL is

its low quantum efficiency, which is typically compensated

using low-noise detectors and high-intensity excitation.

In this work, we demonstrate surface plasmon polariton

(SPP)-enhanced UCL for biosensing applications. SPPs

are excited by using a gold grating. The gold grating is

optimized to match the SPP resonance with the absorption

wavelength of upconverting nanoparticles (UCNPs). Func-

tionalized UCNPs conjugated with antibodies are immobi-

lized on the surface of the fabricated gold grating. We

achieve an UCL enhancement up to 65 times at low

excitation power density. This enhancement results from

the increase in the absorption cross section of UCNPs caused

by the SPP coupling on the grating surface. Computationally,

we investigated a slight quenching effect in the emission

process with UCNPs near gold surfaces. The experimental

observations were in good agreement with the simulation

results. The work enables UCL-based assays with reduced

excitation intensity that are needed, for example, in

scanning-free imaging.
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1 Introduction

Upconversion luminescence (UCL) is known as a large anti-

Stokes emission where upconverting materials absorb two

or more low-energy photons via metastable states and emit

single higher-energy photons [1]–[3]. UCL can be excited

with an incoherent source at low power density, which dif-

ferentiates UCL from conventional nonlinear optical tech-

niques [1], [2]. Upconverting nanoparticles (UCNPs) offer

several unique properties for highly sensitive biosensing

applications [4]–[7]. In UCL measurements, autofluores-

cence and light scattering are avoided, thus enabling mea-

surements without optical background interference [2], [5].

Furthermore, UCNPs emit light in different narrow bands

with high color purity, which makes them ideal probes for

multiplexed detection [8], [9]. Additionally, UCNPs have sev-

eral advantages for bioassay developments, such as nonpho-

tobleaching, nonblinking, low-toxicity, and photostability

[4], [10]. Several groups have utilized UCNPs for highly sen-

sitive biosensing. Farka et al. demonstrated that the UCNP-

linked immunosorbent assay was about ten times more

sensitive than the standard enzyme-linked immunosorbent

assay (ELISA) [11]. Huang et al. quantified single small extra-

cellular vesicles by using UCNPs with a limit of detection

nearly three orders of magnitude lower than the ELISA [12].

Zhou et al. used UCNPs for the multiplexed simultaneous in

situ detection of cancer biomarkers [13].

The main limitation of UCNPs is their relatively low

quantum efficiency, which is smaller than 1 % [14]. One

strategy for improving UCNP’s quantum efficiency is to

modify intrinsic properties such as size, crystal host mate-

rial, dopants, surface chemistry, and dispersion medium

[3], [14]. Along with this strategy, engineering the external

optical response of UCNPs using plasmonic nanoparticles

or nanostructures can enhance UCL [15]–[17]. This method

is called plasmon-enhanced UCL, aiming to improve either

absorption or emission processes [18]. UCNPs have different

excitation wavelengths and several emission wavelengths

[3]. Here, we focus on the 976 nm excitation and 540 nm
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emission of NaYF4:Yb3+, Er3+, or Tm3+, which are com-

monly used in UCL measurements [14].

Plasmon-enhanced UCL relies on the excitation of

either localized surface plasmon (LSP) or surface plas-

mon polariton (SPP). LSP-enhanced UCL has been stud-

ied by using plasmonic nanoparticles or nanostructures

such as gold nanospheres [19], gold and silver nanosphere

arrays [20], gold nanorods [21], gold nanorod array [22]–[24],

gold–silver alloy island array [25], random silver nanowires

network [26], and gold nanotrenches [27]. In these stud-

ies, the focus was on the enhancement of the absorp-

tion or emission process by matching the LSP resonance

with the excitation wavelength or emission wavelength,

respectively. For example, Ji et al. developed a novel LSP-

enhanced UCNP sensor using plasmonic nanoparticles for

supersensitive dithiothreitol detection [28]. They coated a

UCL quenching layer around UCNPs, which decomposed in

the presence of dithiothreitol. Lao et al. presented an LSP-

enhanced UCL-based fluorescence resonance energy trans-

fer (FRET) biosensor using gold nanoparticles for highly sen-

sitive detection of SARS-CoV-2 viral RNA [29]. However, the

major challenge of LSP-enhanced UCL is the precise control

of the orientation and distance of the plasmonic surface

with respect to the UCNPs [19], [24], [30]. This control is even

more challenging in bioassay developments on plasmonic

surfaces. Furthermore, the energy confinement of the LSP

field is within a few tens of nanometers [24], [31], making

it inappropriate for the bioassays of large analytes, e.g.,

exosomes ranging in size from 40 nm to 200 nm [12].

SPP-enhanced UCL offers some advantages for biosens-

ing applications. The energy confinement of SPP field is

within several hundreds of nanometers, about ten times

higher thanLSPs, from the plasmonic surface [31], [32]. Addi-

tionally, SPPs can be excited by using periodic nanostruc-

tures, offering tunable resonant wavelength by design and

reproducible large-area fabrication [33]. Prymaczek et al.

excited SPPs on one end of a long silver nanowire and

observed UCL enhancement on the other end of the wire

[34]. SPPs were excited by using a gold nanopillar array,

leading to a few-fold enhancement in UCL [35]. Lu et al. used

a silver grating to excite SPPs for 16-fold green UCL enhance-

ment [36]. In these studies, the SPP resonance matched to

the absorption wavelength of UCNPs. Indeed, an increase

in the absorption process is anticipated to result in better

UCL enhancement, especially for weak excitation [15]. It is

worth noting that UCL enhancements in the literature are

relative since the enhancement factor depends on the used

excitation power density and the reference sample [36].

The motivation for this work is to study how plas-

monic gold gratings can enhance the UCL to be applied

in biosensing applications. Gold is a preferred metal in

biosensing applications due to its chemically inert nature,

long-term stability, and thiol-gold association [37], [38]. Grat-

ings can be fabricated by using low-cost and scalable meth-

ods such as nanoimprinting [33] and optical disk–based

techniques [39], [40]. The gold grating was designed and

optimized in COMSOL Multiphysics, aiming to match the

SPP resonance with the 976 nm absorption wavelength of

UCNPs. The optimal structure was fabricated by using UV

nanoimprinting and gold-coating on the polymer replica

by thermal evaporation. The surface of the fabricated gold

gratings was functionalized with commercial core–shell

UCNPs conjugated with antibodies via functional groups on

the hydrophilic shell. The shell had a thickness of 12 nm

and acted as a spacer between UCNPs and plasmonic sur-

faces to prevent quenching effects [24]. The surface func-

tionalization mimicked the structure of functional biosens-

ing, for example, fluorophore-linked immunosorbent assays

and lateral flow assays. UCNP immobilizationwas indirectly

achieved through covalent bonds between the conjugated

antibodies of UCNPs and 3,3′-dithiobis (sulfosuccinimidyl

propionate) (DTSSP) cross-linkers on the surface. This stable

immobilization represents a general bioassay, which can be

applied for different analytes by choosing relevant antibod-

ies. UCL measurements were performed to study the UCL

enhancementmechanism.Weachieved aUCL enhancement

up to 65 times at low excitation power density. The main

contribution to this enhancement was the increase in the

absorption process. We found a slight quenching effect in

the emission process with UCNPs near the gold surfaces.

Simulation resultswere in good agreementwith experimen-

tal observations.

2 Materials and methods

2.1 Theoretical background

In this work, UCNPs were composed of NaYF4:Yb
3+, Er3+,

which exhibit efficient energy transfer upconversion (ETU)

[15], [41]. In ETU process, the Yb3+ ion acts as an activator,

which absorbs 976 nm wavelength. The Er3+ ion is the sen-

sitizer, which receives energy from the Yb3+ ion and emits

upconverting photons. The absorption cross section of an

UCNP is [41]



D. Le et al.: Surface plasmon polariton–enhanced upconversion luminescence — 3997
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2
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where |E(r0)| is the local field amplitude at the location

of the UCNP, and |E0| is the incident field amplitude. In

the emission process, we considered UCNPs as independent

emitters with a quantum yield [42]
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where 𝜂0 is the intrinsic quantum yield of UCNPs, 𝛾0rad is

the radiative decay rate of UCNPs in free space, and 𝛾
p
rad

and 𝛾
p
abs are the radiative decay rate and the absorption

rate in the presence of the plasmonic structure, respectively.

The details are described in Section 1 in the Supplemen-

tary Information.

2.2 Computational modeling

Plasmon-enhanced UCL aims to boost either the absorption

process or emission process [18]. An increase in the absorp-

tion process results in better enhancement in UCL, espe-

cially in weak excitation [15]. Therefore, the goal is, here,

to optimize the SPP resonance matching with the 976 nm

absorption wavelength of UCNPs. SPPs were excited using a

gold grating, as illustrated in Figure 1(a). The phase match-

ing condition of SPP coupling on grating is [32]

n sin
(
𝜃

)
+m

𝜆

p
= ±

√
𝜀Aun

2

𝜀Au + n2
, (3)

where n is the refractive index of the medium above the

grating surface, 𝜀Au is the dielectric constant of gold, m is

the integer of the diffraction order, 𝜃 is the incidence angle,

𝜆 is the 976 nm excitation wavelength, and p is the grating

period. Since the sample was in dry condition, we assumed

n = 1.

2.2.1 Absorption process

The structural parameters of the gold grating were opti-

mized using the finite element method (FEM) in COM-

SOL Multiphysics. We approximated the 3D grating by a

2D model to reduce computational resources as shown in

Figure 1(b). In the model, the polymer grating had a thick-

ness of 300 nm and a refractive index of 1.55 (OrmoCore,

Micro Resist Technology GmbH, Germany). The grating was

coated with a 150 nm gold layer. The dispersion of gold was

modeled by the Brendel–Bormannmodel from thematerial

library in COMSOL Multiphysics. We considered a 2 μm air

layer (n= 1) above the gold layer. Since grating is a periodic

structure, we modeled it by using periodic condition along

the direction of periodicity. The grating structure was illu-

minated from the top of themodel window at a normal inci-

dence. The illumination was a linearly transverse magnetic
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Figure 1: Grating-based SPP-enhanced UCL. (a) Illustration of SPP-enhanced UCL on gold grating in comparison with flat gold. (b) 2D FEM model

of a grating unit cell for structural optimization with the normalized field distribution corresponding to the optimal grating. (c) The grating matrix

containing 110 square-shaped gratings with an area of 0.3 × 0.3 mm2 each and a space of 0.2 mm between them for studying UCL enhancement as

a function of the grating period. The yellow area around the gratings is flat gold. The dashed arrow shows the grating vector. The dashed rectangle

indicates the scanning area including the optimal grating for enhancement factor calculation.
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(TM) polarized plane wave. The reflectance and transmit-

tance spectra were monitored from the top and the bottom

of the model window, respectively. Figure 1(b) shows the

normalized field distribution corresponding to the optimal

grating. It had a period of 920 nm, a groove depth of 55 nm,

and a duty cycle of 0.8, defined as the ratio between the ridge

width and the period. To estimate the SPP decay length, we

used a reference point on the grating surface and a point

where the electric field was equal to 1/e of the reference

point, as illustrated by the length marker in Figure 1(b).

The decay length was 406 nm, compared to the 33-nm UCNP

conjugation. Therefore, we assumed that the field decay

effect was insignificant. To study the period-dependent UCL

enhancement, we varied the period of the optimal grat-

ing from 840 nm to 940 nm, as shown in Figure 1(c). Fur-

thermore, the electron-beam (E-beam) dose was gradually

increased for each period to study the effect of fabrication

tolerances on the grating performance. The E-beam dose for

each grating is shown in Table S1. In total, the gratingmatrix

contained 110 square-shaped gratings with an area of 0.3 ×
0.3 mm2 each and a space of 0.2 mm between them.

2.2.2 Emission process

To study the quantum yield of UCNPs near plasmonic

surfaces, we modeled the decay rates in the green emis-

sion process of UCNPs. We assumed that each UCNP

was infinitely small and emitted light in all directions

randomly. In COMSOL Multiphysics, we used an electric

dipole to model the UCNP. The electric dipole oscillated

in all directions at the frequency corresponding to the

wavelength of 540 nm in vacuum. The decay rates were

monitored to calculate the quantum yield in the pres-

ence of plasmonic surface. The details are described in

Section 3 in the Supplementary Information.

2.3 Fabrication

The gratingmatrixwaswritten by using E-beam lithography

and subsequently transferred to a siliconmaster by reactive

ions etching. The silicon master was then replicated to a

polymericmaterial by using UVnanoimprinting. Finally, the

replicates were coated with a 5 nm chromium layer as an

adhesive layer and then a 150 nm gold layer. The details

of the fabrication process are described in our previous

work [43]. Scanning electron microscope (SEM) images of

the silicon master and gold-coated replicates are shown in

Figure S2.

2.4 UCNP immobilization

UCNPs were conjugated with antibodies and indirectly

immobilized on the surface of the grating matrix using

3,3′-dithiobis (sulfosuccinimidyl propionate) (DTSSP) cross-

linking, as illustrated in Figure 1(a). UCNPs (UPCON 540,

product no. 43-07, 8.8 mg/ml UCNP, Kaivogen Oy) were con-

jugated with antibodies (C-reactive protein antibody, Anti-h

CRP 6405 SPTN-5, Medix Biochemica) as a custom service by

Kaivogen Oy. The core of UCNPs had a diameter of 36 nm

and was composed of NaYF4:Yb
3+, Er3+. UCNPs had a 12 nm

hydrophilic shell. C-reactive protein antibody (CRP Ab) was

conjugated with the hydrophilic shell to form UCNP-CRP

Ab. The emission spectrum of UCNP-CRP Ab is shown in

Figure 2.

The surface of the grating matrix was functionalized

with a water-soluble sulfonated form of Lomant’s reagent

[44], DTSSP (Sigma-Aldrich, 322133), to add amine-reactive

sites on the surface [45]. DTSSP linkers adsorbed onto the

surface through the disulfide group [46], and its termi-

nal succinimidyl groups [45] allow covalent attachments

of amino-containing biomolecules [45], [47]. UCNP-CRP Abs

were attached to the self-assembled DTSSP monolayer by

covalent bonds formed between the CRP Ab and the active

sulfosuccinimide easter groups of DTSSP. TSA buffer (50 mM

Tris-HCl, 0.9 % NaCl, 0.05 % NaN3, 0.01 % Tween20, 0.5 %

BSA & 1 mM KF in dH2O) was used as washing buffer after

the immobilization of UNCP-CRP Ab. To stabilize the UNCP-

CRP Ab during long incubations and washes, UCNP stabi-

lizer (50× concentrate, product no. 46-19, Kaivogen Oy) was

Figure 2: Emission spectra of the used UCNP-CRP Abs with and without

an emission filter (540 nm–580 nm) in the experimental setup under

976 nm excitation.
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supplied in the buffer solutions. The detailed protocol is

described in Section 5 in the Supplementary Information.

2.5 Experimental setup

The experimental setup is illustrated in Figure 3. The exci-

tation source was a picosecond laser (LDH-D-F-980, Pico-

Quant) in continuous-wave operation mode with a central

wavelength of 976 nmand a spectral bandwidth of 1 nm. For

time-resolved measurements, the laser worked at pulsed

mode with a spectral bandwidth of 15 nm. A single photon

avalanche detector (SPAD) (SPD_VIS_M1, Aurea Technology)

was synchronized to the laser by an event timer. A high-

speed motorized XY linear stage (MLS203-1, Thorlabs) was

used to perform UCL intensity raster scanning. The repeata-

bility and theminimum incremental movement of the stage

was 0.25 μm and 0.1 μm, respectively. The excitation beam

from the laser was guided by a polarization maintaining

single mode fiber (PM980-XP, Thorlabs). The beam was col-

limated (F810APC-850, Thorlabs) and then filtered by an

excitation filter (ET780lp, Chroma Technology) in one side

of the filter cube to prevent any side modes of the laser.

The collimated beam was reflected by a dichroic mirror

(DMSP805R, Thorlabs) and focused on the sample by a 10×
objective (N10X-PF-10X, Nikon) to excite UCNPs on the sur-

face of the grating matrix. The diameter of the collimated

beam in front of the objective was estimated to be around

7.8 mm. The scattering light and upconversion emissions

were collected by the same objective. They were filtered by

an emission filter with a band-pass range from 540 nm to

580 nm (ET560/40×, Chroma Technology). The filtered light
was coupled by a collimator (F810FC-543, Thorlabs) to a

multimode fiber (FG050LGA, Thorlabs) and guided to SPAD.

Figure 3: Schematic of the experiment setup for UCL intensity raster

scanning using an XY linear stage. The laser operates in continuous-wave

mode for scanning UCL measurements and in pulsed mode for

time-resolved measurements.

3 Results and discussion

3.1 Absorption enhancement

3.1.1 Surface plasmon polariton excitation

The grating matrix with functionalized UCNPs was charac-

terized with the experimental setup. Figure 4(a) shows the

obtainedUCL intensity of thematrix under TM illumination.

The scanning area was 6 × 6 mm2 with an incremental XY

linear stage movement of 50 μm.When rotating the grating,

the intensity gradually decreased, reaching a minimum at

TE configuration. The corresponding TE illumination result

in Figure 4(b) was obtained by rotating the matrix with

an angle of 90◦. In Figure 4, the matrix was clearly visi-

ble under TM illumination, while it was invisible with TE

polarization. This was expected since SPPs are only excited

TM mode

TE mode

1 mm

1 mm

(a)

(b)

Figure 4: UCL measurement of the grating matrix with (a) TM

polarization and (b) TE polarization. The scanning area is 6 × 6 mm2 with

an incremental XY linear stage movement of 50 μm. The insets illustrate
functionalized UCNPs on the surface of the matrix.
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with TM polarization. The excitation of SPPs on the grating

surface led to an increase in the local field at the location

of UCNPs. Therefore, the absorption cross section of UCNPs

was enhanced, resulting in higher UCL intensity in compar-

ison with the flat gold surrounding the grating matrix or

gratings under TE illumination.

3.1.2 Focused Gaussian beam analysis

The UCL intensity depended on the grating period, excita-

tion wavelength, and incidence angle. With the excitation

wavelength fixed, the intensity varied with the grating

period and the incidence angle. We optimized the grating

with a period of 920 nm for the normal-incidence Gaussian

beam used in the experimental setup in Figure 3. Tilted

Gaussian beams would result in decrease in the inten-

sity. A normal-incidence Gaussian beam is illustrated in

Figure 5(a). The maximum incidence angle was limited by

the entrance pupil diameter and the effective focal length

of the objective. In our setup, the maximum obtainable

incidence angle was 16.5◦. Gaussian beams with different

diameters exhibit varying SPP coupling efficiencies for each

7.8 mm beam

1 mm beam

Beam diameter

Entrance pupil diameter

Eff
ec

ve
fo
ca
ll
en

gt
h

θ
max

(a) (b)

(c)

(d)

Figure 5: Focused Gaussian beam analysis. (a) Illustration of focused Gaussian beam on the grating surface. The maximum obtainable incidence

angle is limited by the entrance pupil diameter and the effective focal length of the objective. Normalized power distribution as a function of incidence

angle of (b) 7.8 mm beam and (b) 1 mm beam. (d) Computational SPP coupling efficiency as a function of incidence angle of gratings with a groove

depth of 55 nm, a duty cycle of 0.8, and a varying period from 840 nm to 940 nm.
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period in the grating matrix. To investigate this, we com-

pared UCL intensities computationally and experimentally

of two sets of collimators (F810APC-850 and CFP5-980A,

Thorlabs), namely, 7.8 mm beam and 1 mm beam.

In COMSOL Multiphysics, the focused Gaussian beam

was modeled by decomposing the beam into plane waves

with an incidence angle varying from −16.5◦ to +16.5◦ and
a sampling step of 0.1◦. The normalized power distributions

as a function of incidence angle, P(𝜃), for 7.8 mm and 1 mm

beams are shown in Figure 5(b) and (c). The details are

described in Section 6 in the Supplementary Information.

We modeled the SPP coupling efficiency as a function of

incidence angle 𝜂(𝜃), shown in Figure 5(d), for gratings with

a groove depth of 55 nm, a duty cycle of 0.8, and a varying

period from 840 nm to 940 nm, corresponding to the period

of the grating matrix in Figure 1(c). For each period, the

computational UCL intensity was

Isi ≈
+16.5⚬∑

𝜃=−16.5⚬
P
(
𝜃

)
× 𝜂

(
𝜃

)
. (4)

The computational UCL intensity was then normalized

with the maximum intensity and plotted in Figure 6(a) and

(b). Computationally, we found that when narrowing the

beam diameter, the intensity exhibited the highest value

at the optimal period of 920 nm and dropped significantly

at other periods. This was the result of compressing the

excitation power closer to the normal incidence angle as

shown in Figure 5(c).

Experimentally, we replaced the 7.8 mm beamwith the

1 mm beam and measured the UCL intensity of the grating

matrix at the same laser power and incremental move-

ment. The measured UCL intensities of the grating matrix

caused by the 7.8 mm beam and the 1 mm beam are shown

in Figure 6(c) and (d), respectively. It is worth noting that

the focal spot diameter was different between the 7.8 mm

beamand the 1 mmbeam (3.2 μmand 24.9 μm, respectively)
at the excitation wavelength of 976 nm. The UCL intensity

dropped as the result of the decrease in power density, i.e.,

4.35 kW/cm2 and 0.07 kW/cm2, respectively. As predicted by

the simulations, the 920-nm period gratings in the matrix in
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Figure 6: Effect of focused Gaussian beams on SPP-enhanced UCL. Comparison between simulation and experiment of normalized UCL intensity

as a function of grating period when using (a) a 7.8 mm beam and (b) a 1 mm beam. Experimental UCL intensities with beam diameters of (c) 7.8 mm

and (d) 1 mm in front of the objective in the experimental setup. The white squares indicate the gratings in the matrix.
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Figure 6(d) exhibit the highest UCL intensity with the 1 mm

beam. To compare with simulation results, the measured

UCL intensitywas area-averaged for each individual grating

in the matrix. For each period, the experimental UCL inten-

sity was

Iex =

10∑
k=1

Ik

10
. (5)

The experimental UCL intensity was then normalized

with the maximum intensity and plotted in Figure 6(a) and

(b). There was a good agreement between the simulation

and experiment. We also found that fabrication tolerances

led to variations in themeasuredUCL intensitywithin the 10

nominally similar gratings, as shown in Figure S3. Another

factor contributing to these variations was the nonuniform

distribution of UCNPs, which can be observed in Figure 4(b).

In the following sections, we used the 1 mm beam to inves-

tigate the quenching effect and UCL enhancement.

3.2 Quenching effect in the emission process

In Section 3.1, we found that the increase in the local field,

caused by the SPP coupling on the grating surface, led to

UCL enhancement. However, the presence of the plasmonic

surface can cause also a strong quenching effect in the

emission process [19], [24]. Feng et al. and Greybush et al.

showed that there was a strong quenching effect when the

distance between UCNPs and plasmonic surfaces was below

8 nm [21], [24]. In this work, core–shell UCNPs with a shell

thickness of 12 nm were used to minimize the quenching

effect. Computationally and experimentally,we investigated

the quenching effect on flat gold and grating. Supported by

the SEM images of the grating matrix with UCNP immobi-

lization in Figure S4, we made the assumption that, since

UCNPs were distributed individually on the surface, only a

single UCNP would be present within the focal spot.

In Figure 7(a), we computationally studied the quench-

ing effect when a UCNP was on flat gold or on grating at

six cases x1, x2, x3, x4, x5, and x6. Case x1 featured a UCNP

positioned in the middle of the grating ridge, whereas case

x6 corresponded to a UCNP placed in the middle of the

grating groove. The spacing between two consecutive cases

was defined as (0.5 × period)/5. The quantum yield ratio

was calculated as a function of the dipole emission angle

when the UCNP was either near the gold surface (𝜂p) or in

the free space (𝜂0). The quenching effect happened when

this ratio was smaller than 1. The dipole emission angle was

from−16.5◦ to+16.5◦, corresponding to the collection angle
of the used 10× objective with a numerical aperture of 0.3.

As shown in Figure 7(b), flat gold caused a slight quenching

effect. On grating, the quenching effect depended on the

location of the UCNP. When the UCNP was on the ridge (x1,

x2, and x3), there was no quenching effect. However, when

the UCNP was near or inside the groove (x4, x5, and x6),

the groove acted as a light-trapping cavity, causing a strong

quenching effect. The curves in cases x1 and x6 exhibited a

symmetry similar to that of flat gold. Cases x2, x3, x4, and

x5 showed asymmetric curves, depending on the distance

between the UCNP and the groove. By taking an average

of six cases of the UCNP on grating (solid black line), the

quenching effect was similar to flat gold (dashed black line).

In Figure 7(c) and (d), we investigate the influence of the

grating period on the quenching effect at the locations x1
and x6, respectively. The quenching variations among the

periods were negligible.

Experimentally, we conducted time-resolved UCL mea-

surements on flat gold and on one of the 920 nm gratings.

To improve the signal-to-noise ratio, particularly for the

time-resolved UCL measurement on the flat gold, a 100×
objective was used. The measurement results are presented

in Figure 8. The excitation pulse width was 100 μs. The data
were smoothenedwith the Savitzky–Golay filter inMATLAB

and normalized in the range from 0 to 1. To determine the

decay rate, the experimental decay data were fitted with

exponential curves, as shown in Figure 8. Both the flat gold

and the grating exhibited rather similar radiative decay

times,whichwere 138 μs and 125 μs, respectively. Therefore,
the quenching effect was comparable between the grat-

ing and the flat gold, aligning with the expectations from

the computational investigations. Furthermore, this was in

agreement with the observation in Figure 4(b). When there

was no absorption enhancement under TE illumination, the

difference in UCL intensity between the gratings and flat

gold was not observable.

3.3 Upconversion luminescence
enhancement

The UCL enhancement was calculated by taking the ratio of

the area-averaged UCL intensity between grating and flat

gold. We scanned a 0.5 × 1.0 mm2 area around a grating, as

illustrated in the dashed rectangle in Figure 1(c), using var-

ious laser powers. The raster scan was done with an incre-

mental XY linear stage movement of 50 μm. The UCL mea-
surement is shown in the inset in Figure 9(b). We masked

the grating and the flat gold with the red squares having an

area of 0.2 × 0.2 mm2. The masking area was smaller than

the grating area (0.3 × 0.3 mm2) to avoid the edge effect.

UCL intensities were area-averaged for the grating and the

flat gold. The averaged UCL intensities was then subtracted

from the SPAD background noise (around 50 photons) and

plotted as a function of power density in Figure 9(a). The
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Figure 7: Computational investigation of the quenching effect with a UCNP near a gold surface. (a) Illustration of the location of the UCNP on flat gold

or on grating with six cases (x1, x2, x3, x4, x5, and x6). (b) The quenching effect of the UCNP on flat gold and on grating as a function of the dipole

emission angle. The quenching effect is evaluated by the quantum yield ratio of the UCNP near the gold surface (𝜂p) and in free space (𝜂0). The dipole

emission angle is determined by the collection angle of the used objective. The quenching effect with the UCNP at the locations (c) x1 – on the ridge

and (d) x6 – inside the groove of gratings with a period from 840 nm to 940 nm.
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Figure 8: Time-resolved UCL measurements on flat gold and on one of

the 920 nm gratings and their corresponding fitted exponential decay

curves. The excitation pulse width is 100 μs.

enhancement factor is shown in Figure 9(b). At low power

density, it exceeded 40 and gradually decreased to below

10 as the power density increased. This was consistent with

the theory of the UCL enhancement in absorption process

[15]. In particular, the enhancement factor is proportional

to |E/E0|4 at low power density and |E/E0|2 at high power

density for the two-photon upconversion process [15]. This

enhancement factor is comparable to those reported in the

literature. For instance, a 17-fold enhancement has been

reported at a power density of 1 kW/cm2 [36], compared to

our 28-fold enhancement at the same power density. At a

very high power density of 100 kW/cm2, enhancement fac-

tors of 2.4-fold [35] and 4-fold [36] have been reported, while

we achieved an 8-fold enhancement at themaximumpower

density of 10 kW/cm2. However, it is worth noting that there

was a slight quenching effect when UCNPs were on flat gold

and grating, which might affect the enhancement factor. We
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Figure 9: Experimental UCL enhancement. (a) Area-averaged UCL

intensities on grating and on flat gold as a function of excitation power

density. The area-averaged UCL intensities are subtracted with the SPAD

background noise (around 50 photons). (b) Enhancement factor as a

function of excitation power density. The enhancement factor is the ratio

between averaged UCL intensity on grating and on flat gold.

also evaluated the UCL enhancement using a commercial

UCL reader (Labrox Oy, Turku, Finland). The results are

discussed in Section 10 in the Supplementary Information.

4 Conclusions

In summary, we demonstrated SPP-enhanced UCL using a

gold grating. The gold grating was optimized in COMSOL

Multiphysics to match the SPP resonance with the 976 nm

absorption wavelength of UCNPs at normal incidence. The

optimal grating had a groove depth of 55 nm, a duty cycle of

0.8, and a period of 920 nm. To investigate the UCL enhance-

ment mechanism, we fabricated a grating matrix with the

optimal groove depth and duty cycle, while varying the peri-

ods from840 nm to 940 nm. Thematrixwas then functional-

ized with UCNPs. SPP coupling on the gratings in the matrix

led to an increase in the local field of UCNPs. Therefore, the

absorption cross section of UCNPs was enhanced, resulting

in strong UCL emission intensities on the gratings. We also

investigated the focusing effect of the Gaussian beams on

the SPP-enhanced UCL on the gratings in the matrix. When

narrowing the beam diameter in front of the objective, the

highest UCL intensity was observed on the gratings with the

optimal period of 920 nm, whereas it dropped significantly

at other periods. This was due to the excitation power com-

pression closer to the normal incidence angle. Furthermore,

the quenching effect caused by a gold surface was computa-

tionally studied.We found that there was a slight quenching

effect with UCNPs near the gold surface and negligible dif-

ference between the flat gold and grating. The experimental

observations in time-resolved measurements and UCLmea-

surements under TE illumination supported these computa-

tional results. Finally, we calculated the UCL enhancement

factor using the flat gold as a reference. We achieved an

enhancement factor up to 65 at low excitation power den-

sity, i.e., 0.07 kW/cm2. Indeed, low excitation power density

is preferred in UCL imaging systems. For instance, to image

a 1 × 1 mm2 area with a power density of 0.07 kW/cm2, the

grating requires a laser power of 0.7 W, whereas for the flat

gold to achieve comparable UCL intensity, as estimated 15 W

of laser power is needed. Furthermore, the enhancement in

UCL will improve the signal-to-noise ratio, thereby enhanc-

ing the sensitivity of UCNP-based biosensors.

Supplementary Information

See the Supplementary Information for additional informa-

tion: quantum yield in emission process; electron beam

dose; decay rate simulation; scanning electron microscopy

images; UCNP immobilization; focused Gaussian beam anal-

ysis; focal spot size; UCL intensity variation; UCNP distribu-

tion on the surface; SPP-enhanced UCLmeasurement with a
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Research funding: This work was supported by the

Research Council of Finland, Printed intelligence infras-

tructure funding, decision 358621. The work is part of the

Research Council of Finland Flagship Programme, Photon-

ics Research and Innovation (PREIN), decisions 346545 and

346518.

Author contributions: All authors have accepted responsi-

bility for the entire content of thismanuscript and approved

its submission.



D. Le et al.: Surface plasmon polariton–enhanced upconversion luminescence — 4005

Conflict of interest: Authors state no conflict of interest.

Data availability: The datasets generated and/or analyzed

during the current study are available from the correspond-

ing author upon reasonable request.

References

[1] B. Zhou, B. Shi, D. Jin, and X. Liu, “Controlling up-conversion

nanocrystals for emerging applications,” Nat. Nanotechnol., vol. 10,

no. 11, pp. 924−936, 2015..
[2] M. Haase, H. Schäfer, H. Schäfer, and M. Haase, “Upconverting

nanoparticles,” Angew Chem. Int. Ed. Engl., vol. 50, no. 26,

pp. 5808−5829, 2011..
[3] S. Wen, J. Zhou, K. Zheng, A. Bednarkiewicz, X. Liu, and D. Jin,

“Advances in highly doped upconversion nanoparticles,” Nat.

Commun., vol. 9, no. 1, pp. 1−12, 2018..
[4] Z. Zhang, S. Shikha, J. Liu, J. Zhang, Q. Mei, and Y. Zhang,

“Upconversion nanoprobes: recent advances in sensing

applications,” Anal. Chem., vol. 91, no. 1, pp. 548−568, 2019..
[5] A. Hlaváček, et al., “Bioconjugates of photon-upconversion

nanoparticles for cancer biomarker detection and imaging,” Nat.

Protoc., vol. 17, no. 4, pp. 1028−1072, 2022..
[6] J. Wang, et al., “Spectral engineering of lanthanide-doped

upconversion nanoparticles and their biosensing applications,”

Mater. Chem. Front., vol. 5, no. 4, pp. 1743−1770, 2021..
[7] G. R. Tan, M. Wang, C. Y. Hsu, N. Chen, and Y. Zhang, “Small

upconverting fluorescent nanoparticles for biosensing and

bioimaging,” Adv. Opt. Mater., vol. 4, no. 7, pp. 984−997, 2016..
[8] H. H. Gorris, O. S. Wolfbeis, H. H. Gorris, and O. S. Wolfbeis,

“Photon-upconverting nanoparticles for optical encoding and

multiplexing of cells, biomolecules, and microspheres,” Angew

Chem. Int. Ed. Engl., vol. 52, no. 13, pp. 3584−3600, 2013..
[9] H. Päkkilä, et al., “Quantitative multianalyte microarray

immunoassay utilizing upconverting phosphor technology,” Anal.

Chem., vol. 84, no. 20, pp. 8628−8634, 2012..
[10] D. K. Chatterjee, M. K. Gnanasammandhan, and Y. Zhang, “Small

upconverting fluorescent nanoparticles for biomedical

applications,” Small, vol. 6, no. 24, pp. 2781−2795, 2010..
[11] Z. Farka, M. J. Mickert, A. Hlaváček, P. Skládal, and H. H. Gorris,

“Single molecule upconversion-linked immunosorbent assay with

extended dynamic range for the sensitive detection of diagnostic

biomarkers,” Anal. Chem., vol. 89, no. 21, pp. 11825−11830,
2017..

[12] G. Huang, et al., “Single small extracellular vesicle (sEV)

quantification by upconversion nanoparticles,” Nano Lett., vol. 22,

no. 9, pp. 3761−3769, 2022..
[13] L. Zhou, et al., “Single-band upconversion nanoprobes for

multiplexed simultaneous in situ molecular mapping of cancer

biomarkers,” Nat. Commun., vol. 6, no. 1, pp. 1−12, 2015..
[14] S. Wilhelm, “Perspectives for upconverting nanoparticles,” ACS

Nano, vol. 11, no. 11, pp. 10644−10653, 2017..
[15] A. Das, K. Bae, and W. Park, “Enhancement of upconversion

luminescence using photonic nanostructures,” Nanophotonics,

vol. 9, no. 6, pp. 1359−1371, 2020..
[16] T. Liu, X. Liu, Y. Feng, and C. J. Yao, “Advances in plasmonic

enhanced luminescence of upconversion nanoparticles,” Mater.

Today Chem., vol. 34, no. 2023, 2023, Art. no. 101788..

[17] J. Dong, et al., “Plasmon-enhanced upconversion

photoluminescence: mechanism and application,” Rev. Phys., vol. 4,

no. 2019, 2019, Art. no. 100026..

[18] D. M. Wu, A. García-Etxarri, A. Salleo, and J. A. Di-onne,

“Plasmon-enhanced upconversion,” J. Phys. Chem. Lett., vol. 5,

no. 22, pp. 4020−4031, 2014..
[19] D. Mendez-Gonzalez, et al., “Control of upconversion luminescence

by gold nanoparticle size: from quenching to enhancement,”

Nanoscale, vol. 11, no. 29, pp. 13832−13844, 2019..
[20] M. Saboktakin, et al., “Metal-enhanced upconversion

luminescence tunable through metal nanoparticle-nanophosphor

separation,” ACS Nano, vol. 6, no. 10, pp. 8758−8766, 2012..
[21] N. J. Greybush, et al., “Plasmon-enhanced upconversion

luminescence in single nanophosphor-nanorod heterodimers

formed through template-assisted self-assembly,” ACS Nano, vol. 8,

no. 9, pp. 9482−9491, 2014..
[22] Z. Yin, et al., “Plasmon-enhanced upconversion luminescence on

vertically aligned gold nanorod monolayer supercrystals,” ACS

Appl. Mater. Interfaces, vol. 8, no. 18, pp. 11667−11674, 2016..
[23] M. Saboktakin, X. Ye, U. K. Chettiar, N. Engheta, C. B. Murray, and

C. R. Kagan, “Plasmonic enhancement of nanophosphor

upconversion luminescence in Au nanohole arrays,” ACS Nano,

vol. 7, no. 8, pp. 7186−7192, 2013..
[24] A. L. Feng, et al., “Distance-dependent plasmon-enhanced

fluorescence of upconversion nanoparticles using polyelectrolyte

multilayers as tunable spacers,” Sci. Rep., vol. 5, no. 1, pp. 1−10,
2015..

[25] X. Chen, et al., “Large upconversion enhancement in the ‘islands’

Au−Ag alloy/NaYF4: Yb3+, Tm3+/Er3+ composite films, and

fingerprint identification,” Adv. Funct. Mater., vol. 25, no. 34,

pp. 5462−5471, 2015..
[26] K. Park, et al., “Plasmonic nanowire-enhanced upconversion

luminescence for anticounterfeit devices,” Adv. Funct. Mater.,

vol. 26, no. 43, pp. 7836−7846, 2016..
[27] J. Xu, et al., “Multiphoton upconversion enhanced by deep

subwavelength near-field confinement,” Nano Lett., vol. 21, no. 7,

pp. 3044−3051, 2021..
[28] Y. Ji, et al., “Supersensitive sensing based on upconversion

nanoparticles through cascade photon amplification at

single-particle level,” Sens. Actuators, B, vol. 367, no. 2022, 2022,

Art. no. 132125..

[29] X. Lao, et al., “Plasmon-enhanced FRET biosensor based on

Tm3+/Er3+ co-doped core-shell upconversion nanoparticles for

ultrasensitive virus detection,” Aggregate, vol. 5, no. 2, p. e448,

2024..

[30] A. Das, C. Mao, S. Cho, K. Kim, and W. Park, “Over 1000-fold

enhancement of upconversion luminescence using

water-dispersible metal-insulator-metal nanostructures,” Nat.

Commun., vol. 9, no. 1, pp. 1−11, 2018..
[31] H. Altug, S. H. Oh, S. A. Maier, and J. Homola, “Advances and

applications of nanophotonic biosensors,” Nat. Nanotechnol.,

vol. 17, no. 1, pp. 5−16, 2022..
[32] S. A. Maier, Plasmonics: Fundamentals and Applications, Springer,

New York, Springer, 2007.

[33] A. Santos, M. J. Deen, and L. F. Marsal, “Low-cost fabrication

technologies for nanostructures: state-of-the-art and potential,”

Nanotechnology, vol. 26, no. 4, 2015, Art. no. 042001..

[34] A. Prymaczek, et al., “Remote activation and detection of

up-converted luminescence via surface plasmon polaritons



4006 — D. Le et al.: Surface plasmon polariton–enhanced upconversion luminescence

propagating in a silver nanowire,” Nanoscale, vol. 10, no. 26,

pp. 12841−12847, 2018..
[35] Q. Luu, et al., “Two-color surface plasmon polariton enhanced

upconversion in NaYF4:Yb:Tm nanoparticles on Au nanopillar

arrays,” J. Phys. Chem. C, vol. 118, no. 6, pp. 3251−3257, 2014..
[36] D. Lu, S. K. Cho, S. Ahn, L. Brun, C. J. Summers, and W. Park,

“Plasmon enhancement mechanism for the upconversion

processes in NaYF4:Yb
3+,Er3+ nanoparticles: maxwell versus

Förster,” ACS Nano, vol. 8, no. 8, pp. 7780−7792, 2014..
[37] M. Vala, K. Chadt, M. Piliarik, and J. Homola, “High-performance

compact SPR sensor for multi-analyte sensing,” Sens. Actuators, B,

vol. 148, no. 2, pp. 544−549, 2010..
[38] J. Zhou, Y. Wang, L. Zhang, and X. Li, “Plasmonic biosensing based

on non-noble-metal materials,” Chin. Chem. Lett., vol. 29, no. 1,

pp. 54−60, 2018..
[39] X. Dou, P.-Y. Chung, B. M. Phillips, and P. Jiang, “High surface

plasmon resonance sensitivity enabled by optical disks,” Opt. Lett.,

vol. 37, no. 17, pp. 3681−3683, 2012..
[40] Y. Sun, S. Sun, M. Wu, S. Gao, and J. Cao, “Refractive index sensing

using the metal layer in DVD-R discs,” RSC Adv., vol. 8, no. 48,

pp. 27423−27428, 2018..
[41] W. Park, D. Lu, and S. Ahn, “Plasmon enhancement of

luminescence upconversion,” Chem. Soc. Rev., vol. 44, no. 10,

pp. 2940−2962, 2015..
[42] W. Zhao, et al., “Engineering single-molecule fluorescence with

asymmetric nano-antennas,” Light: Sci. Appl., vol. 10, no. 1, pp. 1−9,
2021..

[43] D. Le, et al., “High-performance portable grating-based surface

plasmon resonance sensor using a tunable laser at normal

incidence,” Photonics Res., vol. 12, no. 5, pp. 947−958,
2024..

[44] A. J. Lomant and G. Fairbanks, “Chemical probes of extended

biological structures: synthesis and properties of the cleavable

protein cross-linking reagent [35S]dithiobis(succinimidyl

propionate),” J. Mol. Biol., vol. 104, no. 1, pp. 243−261,
1976..

[45] P. Wagner, M. Hegner, P. Kernen, F. Zaugg, and G. Semenza,

“Covalent immobilization of native biomolecules onto Au(111) via

N-hydroxysuccinimide ester functionalized self-assembled

monolayers for scanning probe microscopy,” Biophys. J., vol. 70,

no. 5, pp. 2052−2066, 1996..
[46] E. Y. Katz, “A chemically modified electrode capable of a

spontaneous immobilization of amino com-pounds due to its

functionalization with suc-cinimidyl groups,” J. Electroanal. Chem.

Interfacial Electrochem., vol. 291, nos. 1−2, pp. 257−260,
1990..

[47] D. Sehgal and I. K. Vijay, “A method for the high efficiency of

water-soluble carbodiimide-mediated amidation,” Anal. Biochem.,

vol. 218, no. 1, pp. 87−91, 1994..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2024-0247).

https://doi.org/10.1515/nanoph-2024-0247

	1 Introduction
	2 Materials and methods
	2.1 Theoretical background
	2.2 Computational modeling
	2.2.1  Absorption process
	2.2.2  Emission process

	2.3 Fabrication
	2.4 UCNP immobilization
	2.5 Experimental setup

	3 Results and discussion
	3.1 Absorption enhancement
	3.1.1  Surface plasmon polariton excitation
	3.1.2  Focused Gaussian beam analysis

	3.2 Quenching effect in the emission process
	3.3 Upconversion luminescence enhancement

	4 Conclusions
	Supplementary Information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


