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Plasmonic enhancement and polarization dependence
of nonlinear upconversion emissions from single gold

nanorod@SiO,@CaF,:Yb3+,Er3* hybrid core-shell-
satellite nanostructures

Jijun He!, Wei Zheng?, Filip Ligmajer®, Chi-Fai Chan*, Zhiyong Bao!, Ka-Leung Wong*, Xueyuan Chen?,
Jianhua Hao!, Jiyan Dai!, Siu-Fung Yu! and Dang Yuan Lei'

Lanthanide-doped upconversion nanocrystals (UCNCs) have recently become an attractive nonlinear fluorescence material for use
in bioimaging because of their tunable spectral characteristics and exceptional photostability. Plasmonic materials are often
introduced into the vicinity of UCNCs to increase their emission intensity by means of enlarging the absorption cross-section and
accelerating the radiative decay rate. Moreover, plasmonic nanostructures (e.g., gold nanorods, GNRs) can also influence the
polarization state of the UC fluorescence—an effect that is of fundamental importance for fluorescence polarization-based ima-
ging methods yet has not been discussed previously. To study this effect, we synthesized GNR@SiO,@CaF,:Yb3*,Er3* hybrid
core-shell-satellite nanostructures with precise control over the thickness of the SiO, shell. We evaluated the shell thickness-
dependent plasmonic enhancement of the emission intensity in ensemble and studied the plasmonic modulation of the emission
polarization at the single-particle level. The hybrid plasmonic UC nanostructures with an optimal shell thickness exhibit an
improved bioimaging performance compared with bare UCNCs, and we observed a polarized nature of the light at both UC emis-
sion bands, which stems from the relationship between the excitation polarization and GNR orientation. We used electrodynamic
simulations combined with Forster resonance energy transfer theory to fully explain the observed effect. Our results provide
extensive insights into how the coherent interaction between the emission dipoles of UCNCs and the plasmonic dipoles of the
GNR determines the emission polarization state in various situations and thus open the way to the accurate control of the UC
emission anisotropy for a wide range of bioimaging and biosensing applications.
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INTRODUCTION

Lanthanide-doped upconversion nanocrystals (UCNCs), which can
absorb low-energy photons and emit high-energy photons by an anti-
Stokes process!™, show great promise for numerous applications
ranging from bioimaging®> and photothermal therapy®” to solar
cells®®. Compared with conventional fluorescent materials such as
organic dyes or quantum dots, lanthanide-doped UCNCs exhibit some
unique properties, including excellent photostability, narrow and
tunable emission bands, long luminescence lifetimes and relatively
low cytotoxicity. Furthermore, their near-infrared excitation band is
located in the so-called ‘biological transparency window’, thus
promising high-penetration depth and low-photothermal damage in
biological tissues?. However, UCNCs often suffer from low-emission

efficiency due to several factors such as structural defects, the small
absorption cross-sections of the activator ions and the intrinsic nature
of the anti-Stokes emission'®!1,

Many chemical and physical methods have been developed
to enhance the emission efficiency of UCNCs, including host
lattice manipulati0n12’13, surface passivationl‘H7, energy transfer
modulation'®20 and the plasmonic enhancement effect?!*. Using
the last approach, the UC luminescence efficiency is highly increased
by coupling UCNCs with localized surface plasmon resonances
(LSPRs)—collective oscillations of free electrons in metal nanoparti-
cles such as gold nanospheres or gold nanorods (GNRs). The two
possible mechanisms of plasmon-enhanced UC luminescence can be
simply summarized as follows. First, the plasmon-enhanced local

!Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong, China; ?Key Laboratory of Optoelectronic Materials Chemistry and Physics, Fujian Institute of
Research on the Structure of Matter, Chinese Academy of Sciences, Fuzhou, Fujian 350002, China; SCentral European Institute of Technology, Brno University of Technology,
Brno 61669, Czech Republic and “Department of Chemistry, Hong Kong Baptist University, Hong Kong, China

Correspondence: DY Lei, Email: dylei@polyu.edu.hk

Received 23 February 2016; revised 31 August 2016; accepted 4 September 2016; accepted article preview online 6 September 2016


http://dx.doi.org/10.1038/lsa.2016.217
mailto:dylei@polyu.edu.hk
http://dx.doi.org/10.1038/lsa.2016.217
http://www.nature.com/lsa

Plasmonic enhancement and polarization dependence of UCNCs
J He et al

electric field in the vicinity of the metal nanoparticles can increase the
excitation rate of the lanthanide sensitizer ions (e.g., Yb>*), which then
absorb more near-infrared photons. Second, in the UC emission
process, the radiative decay rate of the lanthanide activator ions (e.g.,
Er’*, Tm®" or Ho’") can also be increased by a plasmon-induced
localized density of photonic states>>. Most of the previous studies on
the coupling of UC luminescence and LSPR have focused on obtaining
the highest possible intensity enhancement by means of harnessing
both of these approaches?>242629:36:37  However, in the study by van
Hulst and co-workers®® on the closely related subject of plasmon-
modulated fluorescence, it was established that it is not just the
intensity of the emitted light that is modified by the LSPR but also it’s
polarization state. So far, this aspect has been largely overlooked in
studies on the plasmonic modulation of UC luminescence.

In the present work, we report the simultaneous luminescence
intensity enhancement and polarization state modulation in
GNR@Si0,@CaF,:Yb>",Er** (core-shell-satellite) hybrid nanostruc-
tures. First, the distance dependence of the plasmon-enhanced UC
luminescence was investigated by gradually increasing the thickness of
the silica spacer, and the advantage of the hybrid nanostructures was
demonstrated in bioimaging experiments. Next, we examined the
polarization state of the UC emissions from individual hybrid
nanostructures. We found that the interaction between the two
emission bands of the UCNCs and the two orthogonal plasmonic
modes of the GNRs results in an extraordinary polarization state of the
UC luminescence, which is controlled by the excitation polarization.
We also performed comprehensive electrodynamic simulations to
obtain a better understanding of the underlying physical mechanisms
responsible for our experimental observations. By linking the results of
experiments and simulations in the realm of Forster resonance energy
transfer theory, we were able to fully explain how the spatial
relationships between regions of enhanced electric field intensity and
dipole orientations lead to the enhancement or suppression of UC
emissions with a particular polarization state. To the best of our
knowledge, this is the first work analyzing the plasmon-induced
polarization state of the UC luminescence—a feature that is particu-
larly important for the polarization-sensitive applications of fluores-
cence in diagnostics and imaging®*—*.

MATERIALS AND METHODS

Materials

Tetrachloroauric acid (HAuCly-3H,0), sodium borohydride (NaBH,),
cetyltrimethyl ammonium bromide (CTAB), ascorbic acid (AA), silver
nitrate (AgNO;) and tetraethyl orthosilicate (TEOS) were purchased
from Sigma-Aldrich (St. Louis, MO, United States). All chemicals were
used without further treatment, and deionized water was used for all
experiments.

Synthesis of the GNRs

The GNRs were synthesized according to the seed-mediated growth
method**. The seed solution was prepared by mixing 0.25ml of
0.01 M HAuCly with 9.75 ml of 0.1 M CTAB solution, and then 0.6 ml
freshly prepared ice-cold aqueous solution of 0.01 M NaBH, was
injected into it. After a 1 min rapid inversion, the seed solution was
kept at room temperature for 2-5 h before use. Next, 2 ml of 0.01 M
HAuCly, 0.4 ml of 0.01 M AgNO3, 0.32 ml of 0.1 M AA, 0.8 ml of I M
HCI and 40 ml 0.1 M CTAB were mixed to form the growth solution
for GNRs. Finally, the growth was initiated by injecting 10 pl of the
seed solution into the growth solution, and the solution was left
undisturbed at room temperature for at least 6 h. The as-prepared
GNRs have an ensemble longitudinal LSPR wavelength at 724 nm. By
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adding 1.5ml more 0.01 M HAuCly, the longitudinal LSPR wave-
length will be reduced to 655 nm through the anisotropic oxidation of
the GNRs.

Synthesis of mesoporous silica coating on the GNRs

The GNR@SiO, nanostructures were obtained via a modified Stober
method®. A total of 10 ml of as-synthesized GNRs were centrifuged
once at 6500 r.p.m. for 20 min to remove the excess CTAB. The
precipitate was re-dispersed into 10 ml of deionized water, and 100 pl
of 0.1 M NaOH aqueous solution was added to adjust the pH of the
solution to 10-11. Then, 25, 30, 40, 50 and 65 pl of 10 vol% TEOS
methanol solution were, respectively, added under gentle stirring. The
mixture solution was kept stirring for 12 h until the reactions were
complete. The resultant hybrid nanostructures were washed twice at
5500 r.p.m. for 10 min to remove the CTAB and re-dispersed in water
of the same volume.

Synthesis of CaF,:Yb>",Er** NCs and attachment to GNRs

The synthesis procedures of the hybrid nanostructures were briefly
described earlier®®. Monodisperse, sub-10 nm CaF,:18% YB3, 2%
Er** NCs were synthesized through a sodium co-doping co-precipita-
tion route with a subsequent acid-washing treatment. The detailed
fabrication procedures can be found in our previous works*”*3, The
GNR@SiO, showed a negative zeta potential of —24.8 mV, derived
from the dissociation of silanols. The CaF,:Yb**,Er** NCs were
positively charged, with a zeta potential of +49.7 mV. Therefore, by
mixing 0.2 ml of ligand-free UCNC solution with 3 ml of silica-coated
GNR solution, the UCNCs were attached on the surface of the
GNR@SiO, through electrostatic attraction after 10 h.

Cell incubation

Human cervical carcinoma HeLa cells were purchased from American
Type Culture Collection (ATCC) (#CCL-185, ATCC, Manassas, VA,
USA). The HeLa cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
1% penicillin and streptomycin at 37 °C in the presence of 5% CO,.
To apply the GNR@SiO,@CaF,:Yb*",Er*" hybrid nanostructures for
UC bioimaging, the HeLa cells were incubated in DMEM containing
1 pgml ™! of the hybrid nanostructures at 37 °C for 24 h under 5%
CO, and then washed with PBS sufficiently to remove the excess
hybrid nanostructures. A control sample was also prepared by
applying bare CaF,:Yb>",Er** NCs for the bioimaging,

In-vitro UC luminescence bioimaging

The bioimaging of the HeLa cells incubated with pristine CaF,:Yb>*,
Er*" NCs and hybrid GNR@SiO,@CaF,:Yb>",Er** nanostructures was
performed on a commercial confocal laser scanning microscope. The
samples were excited by a 980 nm wavelength laser, and two visible
UC emission channels were detected in the green (500-600 nm) and
red (600-700 nm) spectral regions.

Characterization

The morphological features of the pristine GNR@SIO, and
GNR@SiO,@CaF,:Yb*",Er*" hybrid nanostructures were characterized
with a JEM-2100F field-emission transmission electron microscope
(TEM) (JEOL USA, Peabody, MA, USA) operating at 300 kV and an
upgraded JEOL JSM-633F field-emission scanning electron micro-
scope (SEM) (JEOL USA, Peabody, MA, USA). The absorption spectra
of the GNRs in water were measured with a Shimadzu UV2550
Spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Zeta-
potential measurements were carried out using a Malvern Zetasizer
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3000 HAS (Malvern Instruments Ltd, Malvern, UK). The UC
luminescence spectra of the pristine and hybrid UCNCs in the
solution phase were collected on a UK Edinburgh Instruments
FLS900 Fluorescence Spectrometer (Edinburgh Instruments Ltd,
Livingston, UK) equipped with a CNI MDL-III-980 diode laser
(Changchun New Industries Optoelectronics Tech. Co., Ltd, Chang-
chun, China). Lifetime measurements were performed on a UK
Edinburgh Instruments FLS900 Fluorescence Spectrometer with a
time-correlated single-photon counting module, whereas a 980 nm
pulse laser generated by a Continuum Panther EX optical parametric
oscillator (Continuum located, San Jose, CA, USA) was used as the
excitation source. The single-particle scattering and UC luminescence
spectra of the individual nanostructures were recorded with a home-
built, polarization-resolved dark-field microscope equipped with a
CNI MDL-III-980 diode laser. All the measured spectra were corrected
for the spectral sensitivity and polarization response of the system.

RESULTS AND DISCUSSION

The synthesis procedure of the GNR@SiO,@CaF,:Yb**,Er** core-
shell-satellite nanostructures is illustrated in Figure la. First, CTAB-
coated GNRs were grown in an aqueous solution using a seed-
mediated method*>°. Tt is well-known that GNRs exhibit two LSPR
modes: a transverse one and a longitudinal one. The plasmon
wavelength of the latter can be flexibly tuned across the whole visible
and near-infrared region by precisely tailoring the aspect ratio of the
GNRs®!. To study the influence of the LSPR on the UC emission
properties, here we tuned the transverse and longitudinal LSPR
wavelengths of the GNRs to match the two emission bands of the
CaFy:Yb’",Er’* NCs. The average length and diameter of the
synthesized CTAB-coated GNRs that met these requirements were
determined to be 82+7nm and 32+ 3 nm, respectively (see TEM
images in Figure lc-le and Supplementary Fig. S1). If the UCNCs
were attached in direct contact with the GNRs, the excited activators
could undergo nonradiative decay due to energy and possible charge
transfer to the metal nanoparticles. This would result in a lower
luminescence enhancement or even quenching. To avoid this unde-
sired process and examine the distance-dependent plasmon-enhanced
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UC luminescence, we synthesized several batches of GNRs covered
with mesoporous silica spacers with several thicknesses (9, 15, 19, 23
and 35 nm) via a modified Stober method (see TEM images in Figure
lc and 1d; Supplementary Fig. S1a-Sle)*. After the silica coating, the
longitudinal plasmon peak red-shifts by 10-30nm due to the
increased refractive index of the surrounding medium, as shown in
Supplementary Fig. S2 (Ref. 44). The CaF»Yb*',Er** NCs were
synthesized through a sodium co-doping co-precipitation route
followed by an acid-washing treatment*”*8, which provides a solution
of monodisperse, positively charged NCs with good water
solubility*”>2. Their average diameter was determined to be 7.5 nm
from a TEM analysis (see Figure 1b for a representative TEM
micrograph). As silica in aqueous solution is typically negatively
charged, the UCNCs can be easily attached onto the surface
of the GNR@SiO, nanostructures through electrostatic attraction®,
The TEM images in Figure le and Supplementary Fig. S1f-S1h show
that the GNR@SiO,@CaF,:Yb*,Er** hybrid nanostructures were
successfully formed after the simple mixing of the two constituent
solutions. A detailed TEM analysis showed that nearly all the
GNR@SiO, nanoparticles were attached to a certain num-
ber of UCNGs, and approximately 50% of the UCNCs were left
unbound.

The UC luminescence was measured using illumination by a
980-nm continuous wave diode laser with a power density of ~10
W cm 2 Figure 2a shows that the emission spectrum of the bare
CaF,:Yb?*,Er’* NCs exhibits two emission bands centered at 540 nm
(green) and 660 nm (red), which correspond to the ZH,;;,*Ss.
= 415 and *Fgj, — 415, transitions of Er** ions, respectively (see
the energy-level diagram in Supplementary Fig. $3)>10. Although the
UC emission spectra of the GNR@SiO,@CaF,:Yb**Er’" hybrid
nanostructures show the same spectral shape as the bare UCNCs,
the emission intensity is strongly influenced by the distance between
the GNRs and UCNCs (the silica shell thickness), as shown in
Figure 2b. Figure 2¢ shows the extracted emission enhancement factor
as a function of the silica shell thickness by calculating the ratio of the
integrated emission intensities (510-570 nm for green emission and
630—680 nm for red emission) of each hybrid nanostructure and the
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Figure 1 (a) Synthesis procedure of the GNR@SiO,@CaF,:Yb3+ Er3+ hybrid nanostructures. CTAB-capped GNRs were oxidized to decrease their aspect ratio
and obtain a suitable LSPR wavelength. In the next step, the GNRs were covered with a silica spacer, and the UCNCs were then attached to their surface by
electrostatic attraction. (b—e) TEM images of b bare Can:Yb3+,Er3’+ NCs, ¢ GNR@SiO, (9 nm) nanostructures, d GNR@SiO, (35 nm) nanostructures and e

GNR@SI0, (23 nm) @CaF,:Yb3*Er3* hybrid nanostructures.
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Figure 2 (a) Emission spectrum of bare CaF,:Yb3* Er3* NCs (red) and absorbance spectrum of GNRs in water (blue). (b) Emission spectra of bare CaF,:Yb3*,
Er3* NCs and GNR@Si0,@CaF,:Yb3*Er3* nanostructures with different silica spacer thicknesses (the concentration of UCNCs in all samples was fixed at
0.32mgml~1). (c) Luminescence enhancement factors for both green and red emission bands as a function of the silica spacer thickness. The
enhancement factors were extracted from the emission spectra shown in b. Error bars in the figure represent the standard deviation of three enhancement
factors calculated for three measurements. (d, e) UC luminescence decay curves for the d green and e red emissions of GNR@SiO,@CaF,:Yb3* Er3+ with

different silica spacer thicknesses.

bare UCNGCs. First, the intensity enhancement of both the green and
red emission bands increases as the thickness of the silica spacer
increases from 9 nm. When the spacer thickness reaches 19 nm, the
enhancement factor of the green emission reaches its maximum value
(3). However, the highest value of the red emission enhancement
factor (6.7) is substantially larger than that of its green counterpart and
occurs with a slightly thicker silica spacer (23 nm). Although the
difference between the enhancement factors of the different UC
emission bands has been reported by other groups, the enhancement
factor of the green emission was usually the larger of the two?2242%34,
We ascribe this contradiction to the fact that in those works, the
plasmonic materials of choice were metal nanospheres, which have
only one plasmonic peak located near the green emission band of Er**
ions, unlike the GNRs used in our experiment23’24’32’54. It is natural
that in those cases, the LSPR will have significant influence only on the
green emission band. In our case, the stronger longitudinal plasmon
resonance of the GNRs generates a larger enhancement factor for the
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red emission than for the green emission. Note that the enhancement
factor reported here could be significantly underestimated due to the
presence of unbound UCNCs in the mixed solution and that the
enhancement factor for the red emission band can be well above an
order of magnitude on attaching all the UCNCs onto the GNR@SiO,.

To test the utility of the GNR@SiO,@CaF,:Yb*'Er*t hybrid
nanostructures in biological imaging, we carried out a cellular imaging
experiment with HeLa cells. The hybrid nanostructures with 19-nm
thick silica shells were selected to be incubated with HeLa cells at 37 °C
for 24 h under 5% CO,. Figure 3a-3d and Supplementary Fig. S4
show images of the live HeLa cells after incubation with the hybrid
nanostructures captured at randomly selected sample areas with a laser
scanning confocal multiphoton microscope. We recorded the UC
luminescence of the hybrid nanostructures in both the green (500—
600 nm, Figure 3b) and red emission (600-700 nm, Figure 3c)
channels. An overlay of the green-channel, red-channel and bright-
field images demonstrates that the hybrid nanostructures had crossed
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Figure 3 Confocal laser scanning microscopy images of Hela cells incubated with GNR@SiO»(19 nm)@CaF,:Yb3*,Er3+ hybrid nanostructures (top row: a,
bright field image; b, green channel image; ¢, red channel image and d, overlay imaging.) and CaF,:Yb3*,Er3* NCs (bottom row: e, bright field image; f,

green channel image; g, red channel image and h, overlay imaging).

the cell membrane and accumulated in the cytoplasmic region. For
comparison, a control cellular imaging experiment was carried out on
Hela cells incubated with bare CaF,:Yb*>*,Er>* NCs. Under the same
laser power, the UC luminescence intensity in the HeLa cells incubated
with the bare UCNCs was lower than that in the cells incubated with the
hybrid nanostructures. Our results demonstrate that the GNR@SiO,@-
CaF:Yb*"Er’* hybrid nanostructures can be used as a promising
nonlinear fluorescent probe for high-contrast bioimaging applications.
To further understand the interaction between the LSPR and UC
luminescence, we measured the UC luminescence lifetimes of both
GNR@Si0,@CaF,:Yb>*,Er’* hybrid nanostructures and the bare CaF,:
Yb3* Er¥* NCs. As shown in Figure 2d and 2e, the UC luminescence
lifetimes of the hybrid nanostructures are significantly shorter than
those of the bare UCNC:s. For the thickest spacer in our experiments
(35 nm), the lifetimes of both the green and red emissions are almost
equal to those of the bare UCNCs (88.5 and 166.4 ps, respectively). As
the thickness of the silica spacer decreases to 9 nm, the lifetimes of the
two emissions reach minimum values of 39.4 and 51.3 ps, respec-
tively. The calculation details of the UC luminescence lifetimes can be
found in the Supplementary Information and Supplementary Fig. S5.
This verifies the fact that—similar to the emission from plasmon-
coupled fluorescence dyes—the GNRs introduce new (radiative and
nonradiative) decay pathways into the emission process of the nearby
UCNCs and thus reduce the luminescence lifetimes of the UCNCs>>.
Once we have understood the plasmonic enhancement properties of
our hybrid nanostructures, we turn to inquire into the influences of
the LSPR of the GNRs on the polarization states of the UC emissions
and the relevant physical mechanisms. To that end, we studied both
the scattering and fluorescence properties of the hybrid nanostructures
at the single-particle level. The measurements were carried out using a
home-built optical system that is adapted on the base of an Olympus
BX51 optical microscope (Olympus Corporation, Tokyo, Japan) (for a
scheme of our optical system, see Supplementary Fig. S6). A 100-W
tungsten white-light lamp was employed as an excitation source for the
dark-field scattering measurements, and a light beam of a CNI MDL-
I11-980 diode laser (980 nm, 1 W) was introduced into the light path by
a dichroic mirror to excite the UC luminescence. The laser light was
linearly polarized, and its polarization direction was precisely controlled
using a 980 nm half-wave plate. Both the scattering and fluorescence
signals of the individual nanostructures were collected by a
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combination of an Acton SpectraPro 2300i spectrograph (Princeton
Instruments, Trenton, NJ, USA) and a Princeton Instruments PIXIS
400 CCD (Princeton Instruments). During the measurement, a broad-
band polarizer (hereafter called an analyzer) in front of the spectro-
graph was rotated at 30° per step to determine the polarization state
of both the scattered light and the UC emissions. The samples
were prepared by depositing GNR@SiO,(19 nm)@CaF,:Yb**,Er’*
nanostructures on a glass slide at a surface number density of
~3%x10* mm~2 To verify the orientation of the observed hybrid
nanostructures, the samples were subsequently imaged by SEM.

The correlated SEM and scattering images of the GNR@SiO,@CaF,:
Yb**,Er** hybrid nanostructures are shown in Figure 4a. The SEM
analysis confirmed that every bright spot in the scattering image
corresponds to a well-separated individual hybrid nanostructure.
Figure 4b shows a representative dark-field scattering spectrum of a
single hybrid nanostructure selected from the ensemble shown in
Figure 4a (marked with a star), with a characteristic peak at 662 nm
resulting from a longitudinal LSPR. A peak corresponding to the
transverse LSPR does not manifest itself in the scattering spectrum, as
it is much weaker than the longitudinal one®. Figure 4c shows a polar
plot of the scattering intensity of the same single nanostructure as a
function of the analyzer angle. We can observe a typical dipole-like
pattern, which is well-fitted by a cosine-squared function. For
convenience, the zero analyzer angle is defined as parallel to the long
axis of the GNR core (as shown in the inset of Figure 4a). To analyze
the polarization state of the light quantitatively, a parameter called the
degree of polarization (DOP) is defined as

Im X Imin
DOP = -max — min (1)
Imax + Imin

where I, and I;, are the maximum and minimum intensities in the
polar plot, respectively (a totally polarized light has a DOP of 1,
whereas an un-polarized light has a DOP of 0). In our case, the large
DOP of the scattered light (0.92) arises from the inherently polarized
longitudinal LSPR mode of the GNR core, which can be regarded as
an electric dipole oscillating along the long axis of the GNR. The
orientation of a particular hybrid nanostructure can thus be easily
determined from its scattering polar plot without a need for
verification by SEM imaging’’.
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After the scattering measurement, we switched the optical system to  recorded as the angle of analyzer varied from 0 to 2m, whereas the
fluorescence mode and measured the UC emission from the very same  polarization of the excitation laser was either parallel (Figure 5a) or
hybrid nanostructure (Figure 5). The UC emission spectra were perpendicular (Figure 5d) to the long axis of the hybrid nanostructure,
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Figure 4 (a) Correlated SEM (left) and scattering (right) images of the GNR@SiO,@CaF,:Yb3*,Er3* hybrid nanostructures. Each nanostructure is indicated by
a circle. The inset of the SEM picture shows a selected single hybrid nanostructure that was used in the following experiments. (b) Scattering spectrum of
the selected hybrid nanostructure. (c) Polar plots of the scattering intensity of the hybrid nanostructure as a function of the analyzer angle (the solid line
corresponds to a cosine-squared fit of the experimental data). For convenience, we define the analyzer angle as shown in the inset of the SEM picture in a.
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Figure 5 (a) UC emission spectra obtained as the analyzer angle varied from O-2x under excitation polarization parallel to the long axis of the hybrid
nanostructure. From these spectra, the polar plots were extracted for the green (b) and red (c) emissions. (d) UC emission spectra under perpendicular
excitation and corresponding polar plots for green (e) and red (f) emissions. The lines in the polar plots are cosine-squared fits of the experimental data. The
calculated DOPs are shown in the top right corner of each polar plot.
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and we observed in both cases that the emission intensities fluctuated
periodically as the analyzer was rotated. These results clearly indicate
that the UC luminescence became polarized when the UCNCs were in
the vicinity of a GNR. To better visualize this polarization dependence
in the spectra, we have extracted polar plots of the UC emission at
green and red emission wavelengths (Figure 5b, 5e and 5c¢, 5f,
respectively) and calculated the corresponding DOPs. For the case of
the parallel excitation, both the green and red emissions follow the
scattering polarization pattern of the GNR itself (Figure 4c), although
the DOP of the green emission is slightly reduced. In the case of the
perpendicular excitation, the red emission is still polarized along
the long axis of the GNR like in the previous case, but surprisingly, the
green emission pattern (again with somewhat lowered DOP) is now
oriented in the direction perpendicular to the GNR long axis. The
origins of the polarized UC emissions and their distinctly different
polarization states will be described below in detail.

The emission polarization in an individual hybrid nanostructure
can arise from two possible sources: one is the electromagnetic
coupling between the GNR LSPR and the UC luminescence, and
the other is the linearly polarized excitation®®. Let us first consider the
emission polarization caused by the excitation laser. During an
excitation process, when the incident electric field is parallel to the
absorption dipole of a sensitizer ion (Yb3*), the ion has the greatest
chance to undergo an absorption process. Similarly, when the activator
ion (Er*") has the same dipole orientation as the excited sensitizer, its
prospect of obtaining the energy from the sensitizer is the highest. To
identify the contribution of the excitation laser to the DOP of the UC
luminescence, we prepared a sample with bare CaF,:Yb>*,Er** NCs
drop-casted onto a glass slide. The UC luminescence from a 55 pm
area of the glass slide was recorded (Supplementary Fig. S7), and the
corresponding DOPs were calculated in the same manner as above.
The DOPs for the green and red emissions of the UCNCs without
GNRs are rather low, 0.11 and 0.10, respectively, and follow the
polarization of the excitation laser. This indicates that although a
linearly polarized excitation laser will impose its polarization on the
UC emission, its contribution is not large enough to explain the total
DOP that we have observed in the case of UCNCs in the vicinity of
GNRs. The rest of the DOP must therefore be a result of the coupling
between the LSPR and UC luminescence. To better understand the
underlying physical mechanisms of this coupling, we performed a set
of finite-difference time-domain calculations, which showed us how
UCNCs located at different positions contribute to the overall
emission in two different experimental situations.

A GNR (diameter 32 nm, length 82 nm) was modeled as a cylindrical
body capped with two hemispheres, and the dielectric function of gold
was modeled using the Drude-Lorentz dispersion model*%. The GNR
was covered in a uniform silica layer with a thickness of 19 nm and a
refractive index of 1.43. To verify that our model was correct, we
calculated the extinction cross-section spectrum of the GNR@SiO,
nanostructure in air (Supplementary Fig. S8). The pronounced long-
itudinal LSPR peak at 668 nm matches well with the one in our
experiment (Figure 4b). It is also worthwhile to evaluate the electric
field intensity distribution around the GNR@SiO, nanostructure, as the
UC emission intensity is proportional to the square of the excitation
power density?!. Two maps of the excitation field enhancement were
thus calculated—following the experimental conditions—under a
linearly polarized 980-nm excitation source either parallel (Figure 6a)
or perpendicular (Figure 6b) to the long axis of the GNR@SiO,. In the
case of parallel excitation, as high as an 8-fold intensity enhancement
occurs on the silica surface due to the non-resonant excitation of the
longitudinal localized surface plasmon of GNR, and the enhanced
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electric field is mainly concentrated in regions around the tips of the
GNR@SiO, (we refer to them as L-positions). When the excitation
polarization is perpendicular to the long axis of the GNR@SiO,, the
regions with high intensity enhancement are now located along the sides
of the GNR@SIO, (we refer to them as T-positions), and the maximum
intensity enhancement is approximately threefold.

Because the emissions from the UCNCs located in the above-
mentioned regions of high-electric field intensity will dominate the
overall UC emission of the whole hybrid nanostructure, we will now
investigate how this fact influences the polarization state of the emitted
light. To this end, we calculated the emission properties of an activator
ion, represented as a Hertzian dipole, that was placed at either the T-
or L-position with its emission wavelength set at either 540 nm (green
emission) or 660 nm (red emission), according to the corresponding
experimental values. The GNR@SiO, nanostructure was located at the
origin, and its orientation was along the Z axis (Figure 6¢). Because we
expect the activator ions in our hybrid nanostructures to be randomly
oriented, we consider their emissions to be a linear combination of
three dipoles oriented along the X, Y and Z axes. Following the
experimental conditions, we evaluated the angular dependencies of the
calculated emission intensities with respect to the polarization state in
the far-field Y-Z plane (corresponding to the light collection by a
microscope objective), and we present them in Figure 6d as normal-
ized polar plots. When the dipole is located in position L, both the
green and red emissions are highly polarized along the long axis of the
GNR@SIO,, closely resembling the behavior observed in the experiment
(Figure 5b and 5c¢). For the dipole in position T, the simulated polar
plot confirms that the radiation patterns of the green and red emissions
are perpendicular to each other and have a decreased DOP. However,
despite this remarkable agreement, these results still do not clarify the
underlying physical mechanism of the polarized UC emissions.

To explain the results of our experiments and simulations, we need
to find an effective theoretical model that can directly analyze the
polarization properties of UC emissions. Selvin and co-workers®
reported that the emission anisotropy from lanthanide ions could be
evaluated by regarding them as electric dipoles and calculating the
dipole—dipole interaction. However, their method cannot account for
the plasmon-induced effect on the polarized emission from Er’*
because it is applicable only to studying the intrinsic emission
anisotropy of lanthanide ions. Here, we analyzed the coupling between
GNRs and UCNCs based on the mechanism proposed by Wang’s
group: an emitter can transfer its energy to a nearby GNR by exciting
its LSPR®, This energy transfer is attributed to a near-field interaction
between the emission dipole of the UCNC and the plasmonic dipole
of the GNR. Such a process can be characterized as a type of Forster
resonance energy transfer (FRET), and its efficiency can be given by

- @)

1+ (r/Ry)
where Ry is the so-called Forster radius, and r is the distance between
the activator and the GNR core. The Forster radius is the main
characteristic of the interaction strength, and it is defined as the
distance at which 7pr =50% (so that a larger Ry means that interaction
will also happen at longer distances). The Forster radius can be further
determined as

Ngr

RS oc ic? /OJC fa(Deg(A)A*dr (3)

where « is an orientation factor that is determined by the orientations
of the activator and the plasmonic dipole and the relative position
between them, f5(4) is the normalized activator emission spectrum,
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Figure 6 Calculated electric field intensity enhancement under a 980-nm excitation polarized parallel to (a) the long axis and (b) short axis of a single
GNR@SiO, nanostructure. The enhancement factors are logarithmically scaled. (c) 3D diagram of GNR@SiO, with a dipole source placed at the two
intersections of the silica surface with the coordinate axes Y and Z, indicated as positions T and L, respectively. (d) Polar plots of normalized calculated
emission intensities of dipole sources with green (540 nm) and red (660 nm) emissions located at positions L and T.

and ¢g(4) is the extinction spectrum of the GNR. From this equation,
it follows that the FRET will occur only when there is an overlap
between the fa(4) and eg(4). Keeping in mind the shapes of these
spectra in our case (Figure 2a), this means that the green and red
emissions will be modulated by the transverse and longitudinal
plasmonic dipoles, respectively. To help us estimate the magnitudes
of these interactions, we first calculated the FRET efficiency for the
coupling between the red-emitter and the longitudinal plasmonic
dipole using Equation (3) (details of the calculation in the
Supplementary Information). As a consequence of the good spectral
overlap, the efficiency is very high in this case, regardless of whether
the emitter is located in position L (82%) or position T (94%).
Combined with the large scattering cross-section of the longitudinal
resonance, this leads to the red emission coming almost exclusively
from the longitudinal plasmonic dipole. Accordingly, the observed red
emission will follow the polarization pattern of the longitudinal dipole,
as confirmed by both experiment and simulation here and also in
works by others®®00:01,

In the case of coupling between the green-emitter and the transverse
plasmonic dipole, we have to analyze the results in more detail because
the polarization of the green-emission pattern is position-dependent.
First, let us explore the efficiency of the FRET. As a result of the
moderate overlap and smaller extinction cross-section, the calculated
efficiency (the calculation is reproduced in full detail in the
Supplementary Information) is now 31% for the green emitter in
position L and 84% in position T. This tells us that the green emission
will be composed of contributions from both the excited transverse
plasmonic dipole and the bare emitters themselves. To clarify how
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these two contributions affect the shape of the polarization patterns,
Figure 7 shows the calculated charge distribution on the surface of a
GNR@SiO, excited by a green-emission dipole in various positions.
For the green-emission dipole in position L, when it is oriented
parallel to the transverse axis of the GNR (Figure 7a), the induced
charge distribution corresponds to a resonant transverse plasmonic
dipole antiparallel to the green-emission dipole®?. The radiative but
antiparallel coherent charge oscillation will tend to be canceled out by
the remaining part of the green-dipole emission that did not undergo
FRET. In contrast, when the dipole is oriented parallel to the
longitudinal axis of the GNR (Figure 7b), a non-resonant quadrupole
charge distribution is induced in the GNR. The zero spectral overlap
and dark nature of this mode jointly result in the negligible influence
of the GNR on the UC emission in this configuration (this is
consistent with the FRET theory, as the « factor for this case is zero
—see the discussion in Supplementary Information). Therefore,
although the GNR itself does not act as a nanoantenna in this case,
the destructive interference in the case of the other possible orientation
leads to the plasmon-modulated green emission being polarized along
the long axis of the GNR, as seen in the experiment and simulation.
For the green-emission dipoles located in position T, the results are in
many aspects analogous. When the green-emission dipole is oriented
perpendicular to the transverse axis of the GNR (Figure 7c¢), a
non-resonant quadrupole charge distribution is induced in the
GNR again, leading to the UC emission being radiated to the far-
field almost unperturbed. For a parallel-oriented green-emission
dipole (Figure 7d), the induced charge distribution corresponds to a
resonant plasmonic dipole, but—unlike in the previous case—with a
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Figure 7 Calculated charge distribution on the surface of a GNR@SiO, excited by a green-emission dipole in position L (a, b) and position T (c, d). The
dipoles are oriented either parallel a, d or perpendicular b, ¢ to the orientation of the transverse plasmonic dipole of the GNR. Note that the green-emission
dipole orientation is represented by enlarged black arrows and the nature of the induced charge configurations is labeled by +/ - signs.

parallel rather than an antiparallel orientation®?. This will lead to
constructive interference with the remaining uncoupled part, and
these dipoles will thus dominate the green-emission from position T,
which will become polarized as the transverse dipole of the GNR.

To provide an even better visualization of the difference between
the polarization patterns of green and red emissions from dipolar
emitters at position T of a bare GNR (without a SiO, shell), we
performed another set of finite-difference time-domain calculations to
simulate the 3D emission patterns of a single dipolar source located in
the vicinity of a bare GNR. The dipoles are set at a 45° angle to the
long axis of the GNR to keep our discussion simple and at the same
time to represent the real situation of the random-oriented dipoles of
the UCNGCs. The results of our simulations are summarized in
Figure 8 for a set of distances between the dipole and the core of
the GNR—covering a region between 20 and 100 nm. From the 3D
emission patterns, one can clearly see that the emission pattern of a
dipole in the close vicinity of a GNR becomes significantly warped as
the GNR ‘imprints’ a polarized plasmon-scattered light into it, in
sharp contrast to the well-known doughnut-shaped radiation pattern
of a bare dipole source. In the case of the green-emission dipole, the
emission pattern bends towards the Y axis as the FRET takes place,
and the emission becomes modified by the transverse plasmonic
dipole of the GNR (Figure 8a). When the distance between the dipole
source and the GNR increases, the emission pattern returns back to
the doughnut shape for a bare dipole as the modulation effect of the
plasmonic dipole rapidly fades away. For the red emission dipole in
the closest vicinity of the GNR, the FRET efficiency approaches 100%,
and the emission pattern is dominated by the longitudinal dipole of
the GNR (Figure 8b). This influence decreases much slowly owing to
the larger Forster radius for the red emission (see the comparison of
the calculated Forster radii for the GNR@SIO, nanostructure shown in
Supplementary Table S2).

Because the plasmon-induced polarized UC emission can be
observed only at the single-particle level, the emission intensity from
one GNR@SiO,@CaF,:Yb>",Er*" hybrid nanostructure is very low,
which limits its potential applications in real life. In the last section of
this paper, we propose a template-assisted self-assembly method to
obtain an intense polarized UC emission from an array of hybrid
nanostructures. In this approach, a transparent glass substrate would
be first patterned with a series of slots using electron-beam lithography
to act as a template. The GNR@SiO,@CaF,:Yb*",Er’" hybrid
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nanostructures could be assembled into the slots by a template-
assisted self-assembly method reported by Kagan’s group?»3!. The
shape of the slots should be precisely designed so that each slot could be
occupied by only one hybrid nanostructure. Figure 9 shows the
schematic of an array of GNR@SiO,@CaF,:Yb*",Er*" hybrid nanos-
tructures assembled on a transparent glass template. When the
polarization of the excitation laser is parallel to either the long or short
axis of the hybrid nanostructure, this array structure could generate
polarized UC emissions with strong intensity, and the polarization
direction could be easily switched by excitation polarization. The
proposed system can find wide applications ranging from illuminators
in spectrometers to polarization-sensitive nanoscale photodetectors*®®,

CONCLUSIONS

In summary, we developed a facile and effective method for the large-
scale synthesis of hybrid GNR@SiO,@CaF,:Yb>",Er*" core—shell-
satellite nanostructures. By the precise control of the thickness of
the silica shell, the distance-dependent plasmon-enhanced UC lumi-
nescence was investigated. The highest UC emission enhancement was
obtained for the shell thickness ~ 20 nm, and the enhancement factors
reached 3 and 6.7 for the green and red emissions, respectively.
Furthermore, we fully analyzed the polarization state of the UC
emissions from a single hybrid nanostructure illuminated by an
excitation laser with polarization parallel or perpendicular to the
long axis of the GNR. Our results demonstrate the unusual polarized
nature of the light at the two UC emission bands, which was
dictated by the relationship between the excitation polarization and
the GNR orientation, namely, that the polarization of the red emission
is insensitive to the polarization state of the excitation laser, whereas
the green emission follows the excitation polarization. Utilizing
electrodynamic calculations and FRET theory, we analyzed the
complicated relationship between the emission dipoles and plasmonic
dipoles and elucidated how their orientations and mutual positions
determine the polarization state of the UC emission in various
situations. Our findings open a new method to control the UC
emission polarization by introducing a plasmonic nanomaterial with a
specific structure. Finally, our bioimaging experiments and proposed
ordered plasmonic UC nanostructure arrays demonstrate that this
technique can bring novel functions to UCNCs and is therefore
relevant and advantageous for all applications based on their extra-
ordinary properties.
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Figure 8 3D far-field-emission patterns of a dipole source in the vicinity of a bare GNR (diameter 32 nm, length 82 nm). The dipole is located in the Y-Z
plane, and it is aligned at a 45° angle from the Z axis. The distance between the dipole and the center of the GNR is varied from 20 to 100 nm. The
emission wavelength of the dipole was set to (a) 540 nm and (b) 660 nm. The first frame of each row indicates how the far-field-emission patterns are viewed.

a Excitation laser

b

Excitation laser

Figure 9 Schematic of ordered arrays of GNR@SiO,@CaF,:Yb3+ Er3* hybrid nanostructure assembled on patterned templates. (@) When the polarization of
the excitation laser (deep-red arrow) is parallel to the long axis of the hybrid nanostructures, both the enhanced green and red UC emissions (dictated by
green and red arrows, respectively) would have the same polarization as the excitation laser. (b) In the case of the excitation laser with a perpendicular
polarization, the resulting green UC emission would have the same polarization as the excitation laser, whereas the polarization of the red emission would be

perpendicular to that of the green emission.
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