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ABSTRACT: The enhancement of upconversion lumines-
cence (UCL) of rare earth doped upconversion nanoparticles
(UCNPs) in aqueous solution is particularly important and
urgently required for a broad range of biomedical applications.
Herein, an effective approach to achieve highly enhanced UCL
from NaYF4:Yb

3+,Tm3+ UCNPs in aqueous solution is
presented. We demonstrate that UCL of these UCNPs can
be enhanced more than 104-fold by using a mesoporous silica
low refractive index resonant waveguide grating (low-n RWG)
in contact with aqueous solution, which makes it well-suited
for biomedical applications. The structure parameters of the
low-n RWG are tuned via rigorous coupled-wave analysis
simulation to ensure strong local excitation field to form atop
the TiO2 surface of the low-n RWG, where UCNPs are deposited. As the low-n RWG is excited by a near-infrared laser at 976
nm to match its guided mode resonance (GMR) condition, UCL emitted from UCNPs is greatly enhanced thanks to the strong
interaction between excitation local field and UCNPs. UCL emission of UCNPs can be further enhanced about two to four times
when the UCL emission condition (wavelength and angle) matches with the GMR condition. Furthermore, we show that the
presence of biotin molecules atop of the low-n RWG can be easily detected through UCL emission generated from streptavidin-
functionalized UCNPs with the help of the streptavidin−biotin specific binding. The results indicate that the low-n RWG has
high potential for UCL biosensing and bioimaging applications.

KEYWORDS: guided mode resonance, low refractive index material, resonant waveguide grating, upconversion luminescence,
upconversion nanoparticles

Rare earth (RE) ions doped upconversion nanoparticles
(UCNPs) have attracted great attention over the past

decade due to their unique upconversion luminescence (UCL)
properties. UCNPs can be excited by near-infrared (NIR) light
and emit ultraviolet−visible luminescence with higher photon
energy through a multiphoton absorption process.1−3 UCNPs
are particularly suitable to be used as photonic biomarkers in
bioimaging and biosensing applications4−6 because they do not
have the problems like photobleaching and autofluorescence
that most traditional fluorophores encounter. In addition,
UCNPs can provide advantages such as good photostability,
low scattering, no blinking, high signal-to-noise ratio, sharp

emission line, large anti-Stokes shifts, long luminescence
lifetimes, deep penetration in tissue, biocompatibility, low
toxicity, and water solubility.1−3 Various types of highly efficient
UCNPs have been developed; with a typical one comprises
sodium yttrium fluoride (NaYF4) host codoped with ytterbium
(Yb3+) sensitizer ions and activator ions, for example, erbium
(Er3+), thulium (Tm3+), or holmium (Ho3+).7−9 However, up
to now, UCL quantum yields of RE ions doped UCNPs are
rather low,10 especially in aqueous solution, which limits them
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to be widely used in bioimaging and biosensing applications.
One of the greatest trends and major challenges in the field of
UCNPs research is the quest to enhance UCL efficiency.
Different approaches have been employed to enhance UCL
efficiency of RE ions doped UCNPs, including material
improvements,11−15 photonic crystal effect,16,17 plasmonic
effect,18−22 and guided mode resonance (GMR) effect.23

Among them, GMR effect produced from a resonant waveguide
grating (RWG) structure is the most promising method
because it has yielded the highest enhancement factor of
UCL of UCNPs, that is, 104-fold.23

The RWG is a multilayer structure containing a high
refractive index covering layer (e.g., titanium dioxide (TiO2))
deposited on the top of a low refractive index waveguide grating
layer (e.g., SU-8). Strong local field can be built on the top
surface of the covering layer if the RWG is excited under
resonant excitation configuration; that is, the incident angle and
wavelength of the excitation light simultaneously matching with
the resonant angle and wavelength of a guided-mode of the
RWG.24,25 The RWGs are widely used for enhancing light−
matter interaction26−28 and are especially powerful for
increasing nonlinear light−matter interaction, for example,
two-photon fluorescence,27 second harmonic generation,28 and
UCL.23 Previously, we demonstrated that UCL from a UCNPs-
doped poly(methyl methacrylate) (PMMA) thin film deposited
on top of a RWG containing a SU-8 waveguide grating layer,
hereafter referred to as the SU-8 RWG, can be greatly enhanced
by the GMR effect under resonant excitation configuration.23

However, in that study, UCNPs were immersed in the PMMA
polymer matrix, not in an aqueous environment. To be eligible
for bioimaging and biosensing applications, the PMMA thin
film has to be replaced by aqueous solution. Unfortunately, this
will move the strong local field away from the top surface of the
TiO2 covering layer, where UCNPs will be deposited, to the
inner region of the SU-8 waveguide grating layer due to SU-8
possessing higher refractive index than aqueous solution.
Consequently, the SU-8 RWG is not suitable for enhancing
UCL of UCNPs in aqueous environment. To build a strong
local field on the top surface of the TiO2 covering layer, a
material with refractive index smaller than that of aqueous
solution should be used in the waveguide grating layer to form
a reverse symmetry waveguide structure.29−31

Herein, a low refractive index (low-n) RWG, made up of a
low-n mesoporous silica waveguide grating layer, is presented
to produce strong local field on its top surface, on which
UCNPs are deposited and covered with aqueous solution. We
demonstrate that UCL of UCNPs in aqueous solution is
enhanced more than 104 fold under resonant excitation
configuration. To further evaluate the feasibility of using the
combination of UCNPs and low-n RWG for UCL biosensing
and bioimaging applications, top surface of the TiO2 covering
layer of the low-n RWG is immobilized with biotin. Strong
UCL is generated after drop-casting of streptavidin-conjugated
UCNPs (UCNPs-SA) on the biotinylated TiO2 surface thanks
to the specific binding between streptavidin and biotin
moieties. The result confirms that the low-n RWG can be
used as a platform for UCL biosensing and bioimaging
applications.

■ RESULTS AND DISCUSSION
The rigorous coupled-wave analysis (RCWA) simulation was
used to find an appropriate design of the RWG structure to
produce strong local field on its top surface. A one-dimensional

sinusoidal RWG was considered and it contains, from top to
bottom, a cover plate, an aqueous solution layer, a TiO2
covering layer, a waveguide grating layer composed of either
SU-8 photoresist or mesoporous silica, and a glass substrate. In
the simulation, the following parameters were used. The
thickness of the TiO2 covering layer (TTiO2) is 60 nm. The
period (Λ) and the modulation depth (DM) of the grating on
the waveguide grating layer are 680 and 130 nm, respectively,
and the thickness of the waveguide grating layer (TWG) is 1.9
μm. The refractive indices of materials at 976 nm wavelength
used in the RWG are as follows: cover plate ncover plate = 1.51,
aqueous solution naq = 1.33, TiO2 nTiO2 = 2.06, mesoporous
silica nmp‑silica = 1.22 (determined from ellipsometry measure-
ment), SU-8 nSU‑8 = 1.55, and glass nglass = 1.51. Figure 1a

displays the calculated electric field intensity (|E|2) distribution
(normalized to the unit amplitude of the incident field) in the
SU-8 RWG flooded with aqueous solution for the transverse
electric (TE) GMR mode obtained with the incident
wavelength (λ) at 976 nm (NaYF4:Yb

3+,Tm3+ UCNPs have
absorption at 976 nm) and the incident angle (θ) at 4.25°. It is
clear to observe that the maximum of the electric field intensity
is highly localized inside the SU-8 waveguide grating layer. In
contrast, as shown in Figure 1b, when the low-n RWG is
illuminated by a collimated light at 976 nm with θ = 2.75°, the
maximum of the electric field intensity is shifted upward to the
TiO2 covering layer thanks to the reverse symmetry waveguide
structure design (nmp‑silica < naq).

29−31 By using a program
written in MATLAB, the average values of |E|2 (⟨|E|2⟩) of SU-8
and low-n RWGs in a unit cell volume within a distance of 100
nm to the TiO2 surface were found to be 50 and 95,
respectively. It is clear that the low-n RWG is more suitable for
enhancing UCL of UCNPs in aqueous solution.
The RCWA simulation was further employed to find a

proper structure design of the low-n RWG to produce strong
local electric field atop of the TiO2 covering layer under
resonant excitation configuration. Besides the index of
refraction of the waveguide grating layer, other structural
parameters such as thickness and period of the waveguide
grating layer and thickness of TiO2 covering layer also affect the
electric field distribution in the low-n RWG structure. We first
investigated the effect of the thickness of the waveguide grating
layer on the ⟨|E|2⟩ value by varying TWG from 0.5 to 4.5 μm,
and fixing TTiO2 = 60 nm, Λ = 700 nm, and DM = 130 nm. The
calculation result (see Figure 2a) shows that the ⟨|E|2⟩ value
increases with TWG and the ⟨|E|2⟩ value reaches to maximum

Figure 1. Calculated TE mode electric-field intensities (|E|2) in the
RWG under resonant excitation condition: (a) SU-8 RWG covered
with aqueous solution; (b) Low-n RWG covered with aqueous
solution.
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and saturates for TWG ≥ 1.9 μm. The calculation also shows
that the excitation resonance angle remains unchanged at 1°
with the variation of TWG. Figure 2b shows the dependence of
the ⟨|E|2⟩ value and the resonance angle for resonant excitation
condition on Λ, with TWG = 1.9 μm, TTiO2 = 60 nm, and DM =
130 nm. The calculation result shows that the low-n RWG with
Λ ≈ 700−750 nm can produce the highest ⟨|E|2⟩ value with the
resonant incident angle around 1°. Herein, Λ around 700 nm
was chosen as the period of the low-n RWG. Finally, the effect
of the thickness of the TiO2 covering layer was studied. Figure
2c shows the ⟨|E|2⟩ value as a function of the thickness of the
TiO2 covering layer and resonance angle obtained by assuming
TWG = 1.9 μm, Λ = 700 nm, and DM = 130 nm. The calculation
result indicates that the optimized thickness of the TiO2
covering layer is around 50−60 nm and its resonance angle is
between 1° and 2°. According to the simulation results, the
structure parameters TWG = 1.9 μm, Λ = 700 nm, TTiO2 = 60
nm, and DM = 130 nm were chosen as the guideline for the
fabrication of the low-n RWG.
Figure 3a shows the schematic diagram of the low-n RWG

structure fabricated in this work, whose structural parameters
were chosen based on the RCWA simulation result. Figure 3b
displays the atomic force microscopy (AFM) image of the
surface morphology of the TiO2 layer which confirms the
period and the modulation depth of the low-n RWG are 680
and 130 nm, respectively, close to those of the design structure.

In addition, we also confirmed TWG = 1.9 μm with an α-step
and TTiO2 = 60 nm with AFM measurements. To produce
highly efficient UCL, monodisperse NaYF4:Yb

3+,Tm3+ UCNPs
were deposited atop of the low-n RWG. Figure 3c shows the
field emission scanning electron microscope (FESEM) image of
the low-n RWG after the deposition of UCNPs. It clearly
displays that UCNPs are mainly deposited atop of the low-n
RWG, where the strong electric filed is localized. The
nanoparticles are not uniformly deposited on RWG area due
to the nature of nonflatting of the RWG structure. Figure 3d
presents the distribution of UCNPs on non-RWG (nongrating)
area. To characterize physical properties of UCNPs, trans-
mission electron microscopy (TEM), X-ray diffraction (XRD),
and UCL spectrum were taken. Figure S1a displays the TEM
image of UCNPs, which reveals those particles have average
diameter of 15 ± 3 nm. From the powder XRD analysis, we
found that the synthesized UCNPs were pure β-phase and no
diffraction peak associated with cubic phase of NaYF4 crystals
or NaF impurities were found (Figure S1b). Figure S1c displays
the UCL spectrum of the NaYF4:Yb

3+,Tm3+ nanoparticles in
cyclohexane, and it exhibits five emission bands centered
around 450, 480, 645, 694, and 800 nm corresponding to the
1D2 →

3F4,
1G4 →

3H6,
1G4 →

3F4,
3F3 →

3H6, and
3H4 →

3H6

transitions of thulium ions, respectively. The inset shows a
photograph of the sample under NIR excitation.

Figure 2. Calculated ⟨|E|2⟩ value and resonance angle versus (a) the thickness of the waveguide grating layer (low-n mesoporous silica), (b) the
grating period, and (c) the thickness of TiO2.

Figure 3. (a) Schematic of the low-n RWG sample. Its top surface was first deposited with UCNPs by dip-coating method, then covered with
aqueous solution. θ and ϕ are the excitation beam incident angle and the UCL detection angle relative to the surface normal direction, respectively.
(b) AFM image of the surface morphology of the TiO2 layer, the arrows represent the distance of ten grating periods and the modulation depth of
the low-n RWG. (c) FESEM image of the low-n RWG after the deposition of UCNPs. (d) FESEM image of nongrating area covered with UCNPs.
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To find out the resonant excitation (GMR) condition of the
UCNPs deposited low-n RWG sample (covered with aqueous
solution), we calculated its TE mode transmission spectra at
different incident angel θ. Figure 4a shows the calculation result

and it reveals that the transmittance minimum (GMR) appears
at λ = 950 nm for θ = 0°. When the incident angle increases,
the GMR mode splits into two separate branches; one branch
blue-shifts with the incident angle and the other red-shifts. The
latter one can be used for resonant excitation of the sample,
which takes place at λ = 976 nm and θ = 2.75°. Figure 4b shows
the measured and calculated transmission spectra of the sample
obtained at θ = 2.75°, and it is evident that both spectra yield
the same GMR wavelengths. To investigate how the UCL
signal is affected by resonant excitation, we measured UCL
spectra of the sample obtained with resonant and nonresonant
excitation conditions. In this investigation, a continuous wave
(CW) collimated laser beam (beam diameter = 1.8 mm) at 976
nm with a power of 600 mW was employed to excite the RWG
area of the sample at θ = 2.75° (on-resonance), θ = 3.00° (off-
resonance), and non-RWG (nongrating) area of the sample.
The UCL emission at detection angle ϕ = 15° was collected
and delivered to a grating spectrometer for analysis. Figure 4c
shows the results of the UCL measurement and it is clear that
the UCL emission obtained with θ = 2.75° is much stronger
than those of obtained with θ = 3.00° and non-RWG area. The
inset in Figure 4c shows optical images of the UCL emission at
RWG area of the sample taken at on-resonance and off-
resonance excitation conditions, where the circled region in
each image is the lateral range of the RWG structure. It is

surprising that the UCL emission has such a dramatic difference
when the excitation angle is slightly tuned 0.25° away from the
resonant excitation angle. This phenomenon can be explained
by comparing the excitation electric field intensity distributions
in these two cases. As the sample is excited under resonance
condition (θ = 2.75°), a strong electric field is built atop of the
TiO2 surface (see Figure 1b) where UCNPs are deposited, and
thus it produces very strong UCL emission. However, when the
excitation angle is slightly increased to 3.00°, the electric field
atop of the TiO2 surface is dramatically decreased (see Figure
4d), which results in a relatively low intensity of UCL output.
In order to further evaluate the influence of the structure

parameters of the RWG on the UCL, we measured the UCL
spectra of three samples under their excitation resonance
conditions. First, we compared the UCL emission intensities of
UCNPs deposited atop of the SU-8 and low-n RWGs (see
Figure 5). The SU-8 RWG has the same structure parameters

as those of the aforementioned low-n RWG, except the low-n
mesoporous silica layer of the low-n RWG was replaced by the
SU-8 layer. Figure 5 clearly displays the UCL intensity of
UCNPs atop of the low-n RWG is much stronger that of
UCNPs on the surface of the SU-8 RWG. The emission peak
intensity at 450 nm of the former is about 190× higher than
that of the latter. This result confirms that the low-n RWG can
produce stronger local electric field on its top surface, which
agrees with the simulation result shown in Figure 1.
Furthermore, we compared UCL intensities of UCNPs atop
of the low-n RWG with two different thicknesses of the low-n
mesoporous silica layer (TWG = 0.7 and 1.9 μm) under resonant
excitation condition. As shown in Figure 5, the UCL emission
obtained from the low-n RWG with TWG = 1.9 μm is much
stronger than that obtained with TWG = 0.7 μm. It implies that
the low-n RWG with TWG = 1.9 μm indeed can yield stronger
local electric filed atop of its surface, same as the simulation
prediction displayed in Figure 2a.
The UCL emission intensity can be further enhanced by the

extraction resonance effect,23 through tuning the detection
angle (ϕ) to have GMR wavelength overlap with the UCL
emission wavelength. To observe the phenomenon, the UCL
emission spectra of UCNPs deposited atop of the low-n RWG
were measured by varying the detection angle from 13° to 73°
while the incident angle of the excitation laser beam was fixed at

Figure 4. (a) Calculated transmittance in TE mode of the UCNPs
deposited low-n RWG covered with aqueous solution as a function of
incident angle and wavelength, the circle indicates the laser wavelength
(976 nm) is matched with the GMR mode at the incident angle (θ =
2.75°). (b) Measured and calculated transmission spectra of the
sample at the incident angle of 2.75°. (c) UCL spectra obtained from
the RWG area of the sample under on-resonance (θ = 2.75°) and off-
resonance (θ = 3.00°) and that obtained from the non-RWG area of
the sample. Insets show optical images of the UCL emission of the
sample taken with on-resonance and off-resonance excitation
conditions. (d) Calculated TE mode |E|2 in the RWG obtained with
θ = 3.00° (off-resonance).

Figure 5. UCL spectra of the UCNPs deposited atop of RWGs under
resonant excitation low-n RWG with two different thicknesses (TWG =
1.9 and 0.7 μm) and SU-8 RWG with TWG = 1.9 μm. Insets show
optical images of the UCL emission of the samples taken under
resonant excitation condition.
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θ = 2.75° (resonant excitation angle). Figure S2a shows the
UCL intensities of three emission peaks (450, 480, 645 nm)
versus the detection angle. As displayed, UCL intensities of
these three peaks are enhanced 2−4× at particular detection
angle ϕ, where ϕ = 30° and 26° for 645 nm emission, ϕ = 59°,
49°, and 40° for 480 nm emission, and ϕ = 52° and 32° for 450
nm emission. By examining the angle-resolved transmission
spectra shown in Figure S2b−d, a GMR mode, which has the
same resonance wavelength as the UCL emission, can be found
at each of the aforementioned ϕ angles.
We studied the excitation intensity dependence of the UCL

emission intensities of the UCNPs deposited low-n RWG
sample. Figure S3c displays the logarithmic plot of the UCL
emission intensities versus the excitation intensity in the range
of 1−6 W/cm2 obtained under excitation resonance condition,
and under simultaneous excitation and extraction resonance,
respectively. As revealed in Figure S3a, the UCL emission
intensity of each peak is proportional to the nth power of the
excitation intensity, where n are 3.55, 2.41, and 2.44 for the
emission peaks at 450, 480, and 645 nm, respectively. Similarly,
the corresponding power exponents n are 3.35, 2.22, and 2.15
for the case of simultaneous excitation and extraction resonance
(see Figure S3b). These n values suggest that the 1D2 state and
the 1G4 state of Tm3+ ions are populated via four-photon and
three-photon processes, respectively, agreeing with previously
findings.23,32−34 For comparison, the result obtained from the
non-RWG sample with excitation intensity in the range of 18−
220 W/cm2 is shown in Figure S3c. Since the UCL signal
generated from the non-RWG sample with a collimated
excitation beam is too weak to detect, a convex lens with
focus length of 20 cm was used to focus the excitation laser
beam into a spot of 0.3 mm diameter on the non-RWG sample
to increase the excitation intensity. The corresponding n values,
obtained from Figure S3c, are 2.69, 1.97, and 1.71. These values
are smaller than those obtained from the cases of excitation
resonance and simultaneous excitation and extraction reso-
nance, which is consistent with our previous results.23 The
reduction of n values has been reported for the case of high
excitation intensity.35,36 However, this is not the reason for the
non-RWG sample to have smaller n values. Although exposure
of excitation intensity to the RWG sample was lower than that
of exposed to the non-RWG sample, after considering the
electric field intensity enhancement atop of the RWG under
resonant excitation as shown in Figures 1b and 2, the excitation
intensities experienced by both samples were actually close.
According to the simple models presented (refs 35 and 36), the
power exponent depends on the relative magnitude of the
excitation rate of Tm3+ ions and the rates at which the excited
Tm3+ ions decay. For a given excitation intensity, excited Tm3+

ions with higher decay rate yield larger power exponent and
vice versa. Figure S3d shows the decay of the UCL emission,
produced from the 1D2 state at 450 nm, obtained from the non-
RWG area and the RWG area under excitation resonance and
simultaneous excitation and extraction resonance. As depicted,
the lifetime of the RWG sample is shorter (163 and 143 μs)
than that of the non-RWG sample (210 μs). In other words, the
decay rate of the 1D2 state of Tm

3+ ions is higher for the RWG
sample compared to the non-RWG sample, which thus yields
larger n values for the RWG sample.
To determine the UCL enhancement factors produced from

the low-n RWG sample, we have to choose a proper excitation
intensity that can generate detectable UCL signal from both
RWG and non-RWG samples. However, the lowest excitation

intensity to generate detectable UCL signal from the non-RWG
sample is about 18 W/cm2, which is still higher than the highest
excitation intensity (about 6 W/cm2) that we can obtain for the
collimated NIR laser used to pump the RWG sample. Thus, we
extrapolated the UCL intensities of the non-RWG sample to
the excitation intensity of 6 W/cm2 proceed from the power
exponents obtained at higher excitation intensity (see Figure
S3c). The UCL intensities obtained at 6 W/cm2 (marked by
vertical dot lines in Figure S3a−c) were chosen to determine
the UCL enhancement factors, defined as the ratio of UCL
intensity generated from the RWG sample to that of the non-
RWG sample. Table 1 summaries the UCL enhancement

factors of the low-n RWG at three main emission wavelengths.
For the case of excitation resonance, the enhancement factors
for emission wavelengths (λe) at 450, 480, and 645 nm are 8.4
× 104, 1.2 × 104, and 6.4 × 103, respectively. For the case of
simultaneous excitation and extraction resonance, they are 21.4
× 104, 2.9 × 104, and 2.8 × 104, respectively. The UCL
enhancement factors obtained in this work are about 2−3
orders of magnitude higher than those obtained by other
methods, for example, material improvements,11−15 photonic
crystal effect,16,17 and plasmonic effect.18−22 The strong UCL
emission obtained in this work is attributed to the build-up of
strong local field atop of the low-n RWG under excitation
resonance, which effectively increases NIR absorption of
UCNPs. In addition, large power exponent dependence
between excitation intensity and UCL emission intensity,
associated with four-photon or three-photon absorption
transition experienced by Tm3+ ions and low-n RWG, is
another factor that gives rise to highly efficient UCL emission.
To evaluate the feasibility of using low-n RWG in UCL

biosensing and bioimaging applications, UCNPs-SA were used
as bioprobes to detect biotin molecules on the low-n RWG.
Specifically, biotin moieties were conjugated onto the TiO2
surface of the low-n RWG via a chemical modification process
with (3-aminopropyl)triethoxysilane (APTES). Then, the
biotinalyted low-n RWG was incubated with UCNPs-SA for
the next step of UCL emission measurement (see Figure 6a).
To confirm streptavidin molecules were successfully conjugated
to UCNPs, the Fourier-transform infrared spectroscopy
(FTIR) spectra and zeta potentials of poly(acrylic acid)
(PAA)-functionalized NaYF4:Yb

3+,Tm3+ nanoparticles
(UCNPs-PAA) and UCNPs-SA were compared. Figure S4a
shows the FTIR spectra of UCNPs-PAA (curve a) and UCNPs-
SA (curve b). The strong peak at 1639 cm−1 in both curves
corresponds to the COO-symmetrical stretching vibration.37

Figure S4b shows the difference between curves a and b, which
clearly illustrates the peaks associated with the amide bands II
(1546 cm−1) and I (1697 cm−1) of streptavidin.38 It proves that
streptavidin molecules were successfully conjugated onto the

Table 1. Summary of Enhancement Factors of Three
Emission Wavelengths (λe) at 450, 480, and 645 nm of the
UCNPs Deposited Atop of the Low-n RWG under Excitation
Resonance and Simultaneous Excitation and Extraction
Resonance

enhancement factor

λe (nm) 450 480 645
excitation resonance 8.4 × 104 1.2 × 103 6.4 × 103

excitation and extraction
resonance

21.4 × 104 2.9 × 104 2.8 × 104
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surface of the UCNPs. Figure S4c shows the zeta potentials of
UCNPs-PAA and UCNPs-SA. It clearly displays a change of
zeta potentials of these two samples (ζ = −35.7 to −14.3 mV),
which further confirms the formation of streptavidin-function-
alized UCNPs. To verify the success of conjugation of biotin
moieties onto TiO2 surface, we measured the FTIR spectra of
TiO2 samples before and after the conjugation of biotin
moieties (see Figure S4d). It clearly displays the change of IR
absorption before and after the surface modification. For the
untreated TiO2, we did not find any IR absorption band related
to functional groups of biotin. After the surface treatment, the
peaks at 1648 and 1460 cm−1, associated with the −NH2 and
−CH stretching vibrations, respectively, were found. In
addition, the peaks corresponding to the amide I and amide
II were observed.39 These results suggest that the biotin
moieties were successfully attached onto the surface of TiO2
surface.
Figure 6b shows the UCL spectra of UCNPs-SA after drop-

casting atop of the biotinylated and nonbiotinylated low-n
RWGs obtained under excitation resonance condition.
Obviously, the UCL emission generated from the biotinylated
low-n RWG is much stronger than that generated from the
nonbiotinylated low-n RWG. Since the local field enhancement
factors produced atop of the TiO2 surface of both samples are
quite similar, the UCL emission strength difference between
these two samples should be resulted from the difference of the
number of UCNPs-SA attached to the TiO2 surface of both
samples. It indicates that higher number of UCNPs-SA are
immobilized on the top surface of the biotinalyted low-n RWG
thanks to the specific bonding between biotin and streptavidin.
In contrast, no or very low number of UCNPs-SA are attached
atop of the nonbiotinalyted low-n RWG because of the lack of
biotin and streptavidin interaction. The strong UCL emission
result also implies that biotin can be effectively detected
through the use of low-n RWG and UCNPs-SA and it confirms
that the low-n RWG has high potential for UCL biosensing and
bioimaging applications.

■ CONCLUSIONS

In this work, we demonstrate higher than 104-fold enhance-
ment of UCL of Tm3+-doped UCNPs in aqueous solution by
utilizing a low-n RWG. Through RCWA simulation, the

structure parameters of the low-n RWG are tuned to yield
strong local electric field atop of the low-n RWG, where
UCNPs are deposited. When the excitation light at 976 nm
overlaps with the GMR, the largest enhancement factor (about
104 times) of UCL emission of Tm3+-doped UCNPs on the
low-n RWG substrate is obtained, which is due to the resonant
excitation effect. Furthermore, the extraction of the UCL
emissions is improved 2−4 fold on the basis of overlapping the
emission wavelengths with their associated GMR wavelengths.
We emphasize that using low-n RWG is prerequisite for
enhancing UCL emission of UCNPs in aqueous environment,
thus being feasible for many applications in biomedicine. Our
strategy exploits the advantage of using low-n RWG in versatile
biosensing and bioimaging applications. For example, we
employ the streptavidin-linked UCNPs as UCL bioprobes for
facile detection of biotin molecules atop of the low-n RWG. We
believe that our results can open up effective avenue to enhance
UCL efficiency of UCNPs in aqueous solution and is therefore
advantageous for board range of applications based on their
extraordinary enhanced UCL emission.

■ MATERIALS AND METHODS

Chemicals. Yttrium(III) chloride (YCl3, anhydrous powder,
99.99%), ytterbium(III) chloride (YbCl3, anhydrous powder,
99.9%), thulium(III) chloride (TmCl3, anhydrous powder,
99.9%), and ammonium fluoride (NH4F, anhydrous 99,99%)
were purchased from Sigma-Aldrich and stored in a drybox.
Sodium oleate (97%) was purchased from TCI America. Oleic
acid (OA, technical grade, 90%), 1-octadecene (ODE, technical
grade, 90%), tetraethyl orthosilicate (TEOS, 98%), (3-amino-
propyl) triethoxysilane (APTES, 98%), N-(3-dimethylamino-
propyl)-N-ethylcarbodiimide hydrochloride (EDC), N-hydrox-
ysuccinimide (NHS, ≥97%), poly(acrylic acid) (PAA, Mw ≈
1800), and biotin (≥99%) were purchased from Sigma-Aldrich.
Streptavidin protein was purchased from Rockland Immuno-
chemicals Inc. and stored at −20 °C.

Synthesis of NaYF4:Yb
3+,Tm3+ UCNPs. Monodispersed

NaYF4:Yb
3+,Tm3+ UCNPs were synthesized through a thermal

decomposition process with a slight modification.40 A typical
procedure is as follows: a mixture of 0.78 mmol of YCl3, 0.2
mmol of YbCl3, 0.02 mmol of TmCl3, 6 mL of OA, and 15 mL
of ODE were added into a 100 mL circle bottom flask. The

Figure 6. (a) Schematic of the low-n RWG sample. Its top surface was first deposited with UCNPs by streptavidin−biotin interaction method, then
covered with aqueous solution. θ and ϕ are the excitation beam incident angle and the UCL detection angle relative to the surface normal direction,
respectively. (b) UCL emission spectra of the UCNPs-SA after drop-casting atop of the biotinylated and nonbiotinylated low-n RWGs obtained at
on-resonance condition (θ = 1.5°).
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resulting mixture was heated to 160 °C with vigorous magnetic
stirring until the solution was clear under a nitrogen flow, and
then placed under vacuum and heated to 110 °C for 1 h. After
the solution was cooled down to the room temperature, 0.76 g
sodium oleate was added and 10 mL of methanol solution
containing NH4F (0.148 g) was slowly added dropwise into the
flask and stirred for 30 min. After that, the solution was slowly
heated to 110 °C for 10 min to remove methanol, and then
placed under vacuum and heated to 110 °C for 1 h. Under a
nitrogen atmosphere, the solution was heated to 300 °C and
maintained for 45 min and then cooled rapidly by a strong
stream of nitrogen gas to the outside of the flask following
exclusion from the heating mantle. Finally, UCNPs capped with
oleic acid from the solution were centrifuged at 6000 rpm for
10 min to precipitate the nanoparticles completely. This
washing procedure was repeated two more times to ensure
washing of the reaction surfactants as well as any previously
created NaF impurities.
Preparation of Hydrophilic NaYF4:Yb

3+,Tm3+ Nano-
particles. The PAA-functionalized NaYF4:Yb

3+,Tm3+ nano-
particles were prepared by using a modified ligand exchange
strategy.18 The procedure is as follows: the mixture containing
1 mL of PAA solution in ethanol (∼1 wt %) and 0.5 mL of
UCNPs dispersed in chloroform (∼1 wt %) was stirred for 12
h. The nanoparticles were then isolated via centrifugation at
7000 rpm for 30 min. After being further purified at least three
times with absolute ethanol/deionized water (1:1 v/v), the
particles could be redispersed readily in water to form a
transparent colloidal solution without any obvious precipitation
for more than two months.
Preparation of Streptavidin-Functionalized UCNPs.

Streptavidin-functionalized NaYF4:Yb
3+,Tm3+ UCNPs were

prepared via the following protocol: 5 mg of UCNPs-PAA
were suspended in 1 mL of 2-(N-morpholino) ethanesulfonic
acid (MES) buffer (pH = 5.5) containing EDC (1 mg/mL) and
NHS (0.5 mg/mL) and soaked at room temperature for 2 h to
activate the carboxylic acid groups. After centrifugation and
being washed with phosphate-buffered saline (PBS) buffer (pH
= 7.4), the precipitate was added to 1 mL of PBS buffer
containing 300 μL of streptavidin solution (concentration: 5 ×
10−8 g/mL). The linkage reaction was allowed to proceed at
room temperature for 5 h. The UCNPs-SA were then isolated
via centrifugation at 14000 rpm for 30 min and then dispersed
in 1 mL of PBS buffer and kept at 4 °C for further applications.
Fabrication of UCNPs Deposited Low-n RWG Struc-

ture. The low-n RWG structure was fabricated using a
combination of interference lithography, molding, and imprint
processes. Typically, a one-dimensional SU-8 photoresist
grating was first fabricated on top of a glass substrate by a
two-beam interference technique.41 Then, we replicated the
SU-8 grating mold by casting polydimethylsiloxane (PDMS)
precursor liquid containing prepolymer (part A) and curing
agent (part B) with a mix mass ratio of 10:1. The PDMS
precursor liquid was poured onto the top of the SU-8 master
mold placed into a glass Petri-dish and then held at 50 °C for
12 h. The PDMS flexible mold was then used to imprint the
grating structure onto a low-n mesoporous silica thin film.
Low-n mesoporous silica thin films were prepared by using

block copolymers poly(ethylene oxide-b-3-caprolactone)
(PEO-b-PCL) and poly(ethylene oxide-b-propylene oxide-b-
ethylene oxide) (F127) as cotemplates, TEOS as the silica
precursor, hydrochloric acid (HCl) as catalysis, and tetrahy-
drofuran (THF) as solvent.42 The following parameters were

used for a typical fabrication procedure: TEOS (0.6 g) and 0.1
M HCl (2 g) were added to a THF solution (5 g) containing
diblock copolymer PEO-b-PCL (0.14 g) and the triblock
copolymer F127 (0.18 g). Next, the reaction solution was
magnetically stirred for 30 min and kept at a room temperature.
The resulting homogeneous solution was spin-coated (1500
rpm, 80 s) onto a glass substrate. A two-step baking, first in air
at 50 °C for 2 min, then followed by 200 °C for 10 min, was
applied to form a mesoporous silica thin film. In the case of
thick films, multiple coatings were processed for eight times to
obtain the desired thickness (about 2 μm). Then, the PDMS
flexible mold was employed to imprint a grating structure atop
of the low-n mesoporous silica thin film by nanoimprint
technique. The RWG structure was obtained by subsequent
deposition of a high refractive index TiO2 thin film on the
imprinted area by the electron-beam deposition technique.
Finally, the pure NaYF4:Yb

3+,Tm3+ UCNPs were deposited
onto the top surface (TiO2 layer) of the RWG structure by dip-
coating method and then baking at 80 °C for 1 h on a hot plate.
The experimental process for the multilayer low-n mesoporous
silica thin film and low-n RWG using imprinting method can be
seen in Figure S5.

Preparation of Biotinalyted Low-n RWG Structure.
First, the untreated TiO2 surface of the low-n RWG was
exposed to oxygen plasma treatment to create the hydrophilic
surface in the form of Ti−OH through oxidation of TiO2 by O2
plasma and dissociative adsorption of water molecules in the
atmosphere.43,44 The hydroxylated TiO2 surface was function-
alized by immersing in a mixture of APTES and anhydrous
ethanol (volume ratio = 3:1000) for 16 h to generate an amino
group on the TiO2 layer.

43 Subsequently, the amino-silanized
surface was biotinylated by reacting with biotin through EDC/
NHS chemistry (1 mL of 1 mg/mL biotin) for 2 h at 4 °C. The
unreacted EDC and NHS were then rinsed out with
ethanolamine/deionized water solvent mixture. Finally, the
resulting samples were then redispersed into PBS buffer and
stored at 4 °C for further use.

Detection of Biotin. Both the biotinylated and non-
biotinylated low-n RWG samples were incubated with 400 μL
of 5 mg/mL of UCNPs-SA in PBS buffer for 50 min (note that
longer incubation time did not result in more adsorption of
UCNPs-SA on substrate) at room temperature. The UCNPs-
SA were conjugated to the biotinylated TiO2 surface through
the specific biotin−streptavidin interaction. Then, the samples
were placed in a Petri-dish filled with deionized water and
rinsed with a vortex stirrer at a speed of 800 rpm for 15 min to
remove the unbound particles. After the samples were
encapsulated with the cover plate, UCL spectra were measured
and analyzed.

UCL and Lifetime Measurement. The excitation source
for UCL and lifetime measurements was a NIR CW diode laser
at 976 nm (Thorlab BL976-PAG900) with a spectral
bandwidth of <1 nm. The output beam was collimated by
using a fiber collimator (F220APC-980) with a beam diameter
of 1.8 mm. To adjust the excitation power down to the required
level, the laser beam was passed through a variable attenuator
composed of the combination of a half-wave plate and a
polarizer. UCL spectra were detected by a grating spectrometer
(Andor Shamrock SR-500i) adopted with a fiber coupler.
Before the UCL signal was sent through the fiber coupler, an IR
filter was used to block the excitation laser light. For the
lifetime measurement, a mechanical chopper was employed to
turn on and off the excitation laser light, and the UCL signal
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was collected and directed to a photomultiplier tube (PMT)
with a pair of lenses. To ensure only desired UCL single was
detected, a suitable interference filter at a specific wavelength
was placed in front of the PMT to block excitation laser light
and undesired UCL emission.
Simulation. Rigorous coupled-wave analysis45,46 was used

to calculate transmission spectra and electric-field intensity
distributions in the low-n RWG and SU-8 RWG. In our
calculation, the unit cell used for simulations was defined as one
period of the device (as illustrated in dashed rectangle in Figure
3a). The incident light was set to be transverse electric
polarization and the harmonics were retained at 25 in both the
x and z directions.
Characterization. The crystalline phase of UCNPs was

measured with a Bruker APEX diffractometer (λ = 1.5406 Å).
Morphology of nanoparticles were characterized with TEM
(JEOL-JEM 2010) and high resolution TEM (HR-TEM, JEOL,
JEM-2100). Meanwhile, the FTIR spectra of as-prepared
samples, which were dispersed in KBr pellets, were measured
with a Varian FTIR-640 spectrometer equipped with a liquid
nitrogen-cooled mercury−cadmium-telluride (MCT) detector.
The thickness of the low-n mesoporous silica film was
determined with the α step (Bruker Dimension Icon). The
modulation depth and grating period were measured with the
atomic force microscopy (AFM Park Systems XE-70). The
transmission spectra of the low-n RWG, whose top surface was
deposited with UCNPs and covered with aqueous solution,
were measured with the grating spectrometer (Andor
Shamrock SR-500i).
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M. P. Power dependence of upconversion luminescence in lanthanide
and transition-metal-ion systems. Phys. Rev. B: Condens. Matter Mater.
Phys. 2000, 61, 3337−3346.
(36) Suyver, J. F.; Aebischer, A.; García-Revilla, S.; Gerner, P.; Güdel,
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