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We showed that the anisotropic disk shape of nanoplasmonic upconverting nanoparticles (NP-UCNPs)
creates changes in fluorescence intensity during rotational motion. We determined the orientation

by a three-fold change in fluorescence intensity. We further found that the luminescence intensity

was strongly dependent on the particle orientation and on polarization of the excitation light. The
luminescence intensity showed a three-fold difference between flat and on-edge orientations. The
intensity also varied sinusoidally with the polarization of the incident light, with an I,,,,,/1..i, ratio of up
to 2.02. Both the orientation dependence and |,,.,/I.i, are dependent on the presence of a gold shell

on the UCNP. Because the fluorescence depends on the NP’s orientation, the rotational motion of
biomolecules coupled to the NP can be detected. Finally, we tracked the real-time rotational motion of
a single NP-UCNP in solution between slide and coverslip with diffusivity up to 102 pum?s—2,

In single biomolecule research, the dynamics and mechanisms of proteins and motors are often explained by
monitoring their translations and orientations. Two commonly used tools for tracking protein orientations are
rod-like Quantum dots (Qrods) and gold nanorods (AuNRs), but both approaches have limitations. Qrods were
successfully used to simultaneously track the 3D orientation and movements of myosin V with 10° accuracy at
33 ms time resolution!. However, the random blinking frequency of Qdots? coupled with the stochastic motion of
the biomolecules being probed make data interpretation difficult. The AuNR shape gives rise to surface plasmon
resonances followed by transverse (TSPR) and longitudinal localized surface plasmon (LSPR) modes; the latter
mode is polarized parallel to the long axis of the AuNR®. Anisotropic absorption and scattering have also been
correlated to the 2D orientation of the AuNR*. Hence, AuNRs were used to observe the rotations of Escherichia
coli F|-ATPase>® and microtubules on a kinesin-coated surface’. However, interpretation of the scattering signals
is difficult due to the nanorods’ anisotropy. As the AuNRs rotate from 0° to 90°, considerable effort is needed to
deduce the actual orientation of the AuNR from the variable scattering intensities that result from orientation
between the two axes.

Recent studies have shown that rare earth upconverting nanoparticles (UCNP) offer an attractive alternative
method for tracking orientation due to their inherent excitation polarization dependence®. UCNPs are excited in
the near infrared and fluoresce via anti-Stokes emission in the visible energy range (400-800 nm), making them
attractive for use in biological settings due to their low-energy excitation photon energy. UCNPs are excellent flu-
orescent probes, as they have no blinking (intermittent fluorescence), bleaching (reduced fluorescence over time),
or fluorescence background due to their near infrared excitation. These properties set them apart from dyes and
Qdots’, and allow dynamic molecular interactions to be tracked continuously in real time.

However, UCNPs are not as efficient as traditional Stokes dyes; therefore, several studies have tried to enhance
the Anti-Stokes emission by coupling gold and silver NPs and shells to rare earth ion doped upconverting cores
(NP-UCNP)!%-1 in order to increase overall emission intensity and modify emission color® !*11:13-16 In general,
two different types of plasmonic structures are used for enhanced upconversion, and their plasmon resonances
overlap spectrally with either the excitation or the emission wavelength of the UCNP. Higher enhancements are
achieved for nanostructures exhibiting resonances matching the UCNP’s absorption with different nanostructure
types, e.g. pillar arrays'>'7, hole arrays'®, and core-shell particles!'!. Further investigations have provided direct
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Figure 1. (a) Incoming polarization with respect to the orientation of either flat or on-edge particles. The
optical experimental set up is displayed in (b). The modification process from unmodified UCNP (c) through
silanization (d) to gold shell growth (e) is also shown.
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evidence that coupling individual plasmonic nanostructures'®*° or coating with noble metals®">** can produce
plasmonic-enhanced upconversion luminescence at the single particle level. The enhancement is attributed to
coincidence of surface plasmon resonances and core energies.

Earlier we found that nanoplasmonic particles are considerably brighter, up to five fold increase, compared
with unmodified UCNPs® 2!, In our time-resolved studies, we observed that the coupling between excited states
and emitted light is profoundly altered by the presence of the metal, leading to the enhancement®?!. Depending
on the orientation of the nanodisk, the emission is also polarized and directional??, lending further complexity
and richness to the photophysics of UCNPs. According to Chen et al., the fluorescence intensity of an on-edge
oriented UCNP nanodisk shows a sinusoidal dependence on excitation polarization®* ?°. They attributed this
effect to the variation of the dipole oscillator strength spatially within the nanodisk due to the anisotropic nature
of the surrounding crystal lattice. Herein, we confirmed the same effect by using spectral and time-resolved
measurements.

In addition, anisotropically shaped NP-UCNPs oriented with flat configurations showed stronger emission
intensity than those with edge orientations. Flat and edge orientations resulted in different decay rates (flat and
edge UCNP orientations are shown in Fig. 1a).

Our experimental observations were supported by finite element calculations, and showed that the fluores-
cence orientation dependence is, in turn, dependent on the geometry of the NP-UCNP. Our current experimental
observations correlate well with our earlier calculations on similar nanoplasmonic upconverting NPs with differ-
ent orientations to the incident excitation and excitation polarization®.

In our experiments, we examined two separate populations of NP-UCNPs to investigate the effect of gold shell
coupling on excitation polarization and orientation dependence. The NP-UCNPs with larger shape anisotropy
(more disk-like shape) showed a larger distinction of the emission intensity with orientation, where a 3.5 times
intensity difference was found between flat and edge orientation in the red spectral range from 640-680 nm,
measured as area under the spectral curve. We also compared the intensity difference with more prism-shaped
NP-UCNPs, where the emission intensity variation due to orientation was about 2.1 times for the same spectral
range. For the latter, additional measurements of the single UCNP, oriented on edge, showed an excitation polar-
ization dependence, where the I.,,,/I .., ratio, defined as an on/off ratio between the highest emission intensity
and lowest emission intensity, was obtained for a silica coated UCNP (I, /I i =1.72) and a NP-UCNP (I,,,.,/
Iin =2.02). In addition the more prism-shaped NP-UCNPs showed increased emission intensity due to gold shell
coupling, facilitating their fluorescent tracking.

In this paper, we analyzed the diffusional characteristics of a single NP-UCNP tumbling in solution between
coverslip and slide to confirm that the orientation dependent fluorescence of the single NP-UCNP can be used
to track single molecules. The tumbling NP-UCNP clearly showed a bright/dark fluorescence and we performed
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Figure 2. Single particle orientation dependent fluorescence spectra comparing UCNP lying flat (blue) and
on edge (black). A 3- to 4-fold difference in intensity is observed at 640-680 nm. The spectral measurement
standard deviation is less than 0.0018.

autocorrelation of the fluorescent intensity to derive the diffusion constant. This orientation dependence of the
emission intensity can be applied to track the 3D orientation of conjugated proteins.

Results

Immobilized Particle Orientation Dependence. Before single particle spectra were collected, the
immobilized sample was inspected for isolated single particles. Figure S1 shows AFM confirmation of single
particles from the population, showing edge versus flat orientation. After the fluorescent object was confirmed to
be a single particle, fluorescence was collected using the system detailed in Fig. 1(b). By rotating the wave plate in
the excitation beam path, the desired polarization with respect to the orientation of the UCNP, as determined by
AFM imaging, was acquired.

Figure 2 shows that the fluorescence intensity was strongly influenced by the orientation of the disk shaped
NP-UCNPs (314.8 +26.9 nm in diameter, 182.9 £ 25.8 nm in height, coated with a 14.1 7.2 nm thick gold shell).
We observed an average 3- to 4-fold intensity difference when the orientation changed from edge to flat con-
figuration. To understand how the orientation influences the emission intensity, we performed finite element
calculations (see Supporting Info, S3).

Our calculations used an exact model of the NP-UCNP and were performed with a plane wave excitation nor-
mal to the hexagonal face or normal to the particle oriented on its edge (Fig. 3). For the particle oriented ‘flat’ to
the incident excitation, the volume averaged electric field strengths were 2.0 V/m (0° excitation polarization) and
1.87 V/m (90° excitation polarization) (Fig. 3a and b, respectively). For incident excitation of a particle oriented
on its edge, the volume averaged electric fields were 1.75 V/m (polarization along the longer axis, 0 or 180°) and
1.71V/m (polarization along the shorter axis, 90°) (Fig. 3c and d, respectively). In general, emission intensity
scales with E?", where n is the power exponent, which is typically 2 for a 2-photon upconversion process. Hence,
higher electric field strength results in a large difference in emission intensity between the flat and edge orienta-
tions. Our calculations also showed that this distinction becomes larger for the more anisotropically shaped or
disk-shaped NP (not shown). We believe that both our experimental and calculated results, as shown in Figs 2 and
3, respectively, show that the changes in optical properties are due to the change in the surface plasmon resonance
with the orientation of the NP to the incoming excitation. According to our calculations in Fig. 3, the electric
field strength within the core of the NP is higher for a flat orientation compared with that for an edge orientation.

In addition to the flat versus edge orientation dependence, Fig. 4 shows spectra taken from a smaller, less
anisotropic set of UCNPs (152.6 + 8.3 nm in diameter, 121.2 +4.2 nm in height) with and without 18.1 £4.3nm
thick gold shell. As seen in Fig. 4(a) and (c), the differences between flat and edge orientations were much less
pronounced than those with the larger more anisotropic UCNP. In the NP-UCNPs, the flat particle emission was
typically larger in intensity than the edge oriented particle emission at 90° excitation polarization.

In Fig. 4(a) and (c), a comparison of flat unmodified UCNP (Fig. 4a, black line, area under curve) and flat
NP-UCNP (Fig. 4c, black line, area under curve) shows an average difference in emission intensity of around 4.9
times in the red and 5.2 times in the green. Edge NP-UCNPs showed 2.6 times enhancement in the red and 2.1
times enhancement in the green. These data were consistent with our earlier observations, where the surface plas-
mon resonance of the gold shell led to greater emission of the rare earth dopants®?!. The slightly larger enhance-
ment noted here, compared with that in our prior work, is attributed to the optimized geometry of the UCNP core
diameter and gold shell thickness, coupled with measurements at the single particle level, where ensemble effects
(aggregates, defective gold shells) are eliminated.

Furthermore, both the unmodified and NP-UCNP displayed similar behavior in their polarization depend-
ence. Figure 4 (b) and (d) indicate the intensity contrast between flat and edge orientations and the effect of the
excitation polarization direction. With flat oriented particles, the emission intensity was not dependent on the
excitation polarization. With the edge oriented particles, the emission intensity of both unmodified and gold shell
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Figure 3. Plots of the volume averaged square of the electric field strength of flat (a and b) and edge orientation
(cand d) at 0° (x-polarized, a and ¢) and 90° (y-polarized, b and d) excitation polarization. The direction of the
incident light is shown by the red arrow. The orientation of the polarization is shown by the black arrow.

coated UCNPs showed strong sinusoidal dependence on the excitation polarization. The on/off ratio of meas-
ured I;5,/15) was 1.72 for bare UCNP and 2.02 for NP-UCNP. We attribute the polarization dependence on the
preferred, non-uniform dipole orientations along certain axes within the anisotropic nanocrystal, as observed by
Zhou et al.*®. In addition, in agreement with Chen et al., we found no polarization dependence of the excitation
emission along the nanocrystal’s optical axis, which is normal to the hexagonal face?®. Our time-resolved meas-
urements shown in Fig. 5 and finite element calculations, shown later, support our observations. Thus, the gold
shell does not modify the polarization dependence of the UCNP emission.

In addition to the spectral intensity measurements, time resolved data were collected simultaneously
for each wavelength. Figure 5 shows the corresponding time-resolved decay of the same unmodified UCNP
and NP-UCNP as shown in Fig. 4. As shown in Fig. 5(a) and (c), both flat and edge configurations exhibited
mono-exponential radiative decay.

Distinctly different decay rates were observed for both orientations. The edge orientation at 90° excitation
polarization displayed a much slower rate of fluorescence decay compared with the edge orientations at 0° and
180° or with the flat orientation. We calculated the electric field profile within the UCNP core (see Supporting
data, Fig. S2) and found a steep drop in the electric field strength for the flat orientation upon initial excitation on
the front face of the nanocrystal. The electric field strength decreased from 2.4 to 0.1 V/m (0° polarization) and
from 2.5 to 0.4 V/m (90° polarization) (see Fig. S2a). A similar decrease from 2.0 to 0.6 V/m occurred for the edge
orientation at 0° excitation polarization (see Fig. S2b). However, a much lower drop in the electric field strength
from 1.6 to 1.2 V/m was found for the edge orientation at 90° excitation polarization (see Fig. S2b). In general, for
flat (0° and 90° excitation polarization) and edge orientations (0° excitation polarization), the incoming excitation
decreased in intensity as it traversed the nanocrystal core, suggesting that emission takes place largely on one
side of the nanocrystal. In contrast, in edge oriented particles at 90° excitation polarization, the electric field was
localized on both the front and back surfaces of the nanocrystal (see Fig. 3d and Fig. S2b). This difference may
have contributed to the lower decay rate seen in Fig. 5¢ for edge oriented particles at 90°. The same explanation
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Figure 4. Red spectra (\=650nm) of (a) unmodified UCNP, (c) UCNP with 18 nm Au Shell, and the emission
intensity dependence on the excitation polarization for (b) unmodified UCNP and (d) UCNP with an 18 nm
Au shell plotted as a ratio to the lowest emission intensity polarization angle (I,,ge/Ii)- Excitation intensity is
1.68e3 W/cm? and spectral measurement standard deviation is less than 0.001.

could be applied to the dip in the emission intensity at 90° excitation polarization (Fig. 4d). Hence, the electric
field distribution within the UCNP core is strongly influenced by the particle orientation and the polarization of
the incoming excitation. We further speculate that this effect occurs independently of the presence of a gold shell,
since in Fig. 5a, the unmodified UCNPs show a similar behavior in decay rate.

Figure 5 (b) and (d) show the lifetime derived from the mono-exponential fit of the fluorescence decay meas-
ured at different excitation polarizations. Our results show that, similarly to the emission intensity dependence,
only the edge orientation results in a sinusoidal dependence of the lifetime with excitation polarization. Therefore,
orientation could be tracked in both emission intensity and emission lifetime of these states.

To demonstrate the bright/dark change in intensity with rotation of the disk shaped NP-UCNP, a 10 ug/ml
concentration of 315nm diameter UCNP coated with a 11 nm thick gold shell was suspended in 50% sucrose
solution (V =20ul) between a slide and coverslip. We observed a bright to dark change in intensity when the
NP-UCNPs tumbled in solution and recorded a movie of the process by using the same setup as shown in Fig. 1b
with a frame rate of 10 Hz (see Supporting Data, Movie). Figure 6(a) shows a single movie frame of the wide field
fluorescence of particles marked 1 to 3, and Fig. 6(b) shows their corresponding positional time trace.

We performed an autocorrelation of the intensity to distinguish between rotational and diffusional motion
of the NP and calculated the mean square translational displacement to derive the diffusional constant. Figure 7
shows that particle 1 underwent periodic tumbling superimposed on random diffusion. In general, random dif-
fusion is described by an exponential function. In comparison, particle 2 showed less periodic tumbling, but more
random diffusion, as shown by the shape of the autocorrelation curve. From both particles 1 and 2, we estimated
a translational diffusional constant of about 1072jum? s7!, which is comparable with typical diffusion constants of
Qdot labeled single molecule proteins®” 2.

Conclusion

In conclusion, we found that the shape asymmetry of the UCNP itself contributes strongly to the orientation and
excitation polarization dependence of the emission intensity. The presence of a gold shell enhances the intensity
contrast between flat and edge orientations. Potential applications, such as single particle rotational tracking,
are envisioned. As a proof of concept, we analyzed a particle tumbling in solution to show that the diffusional
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Figure 5. Time-resolved decay of (a) unmodified UCNP and with (¢) 18 nm gold shell coating (NP-UCNP)

with corresponding dependence of the radiative lifetime on the excitation polarization angle for the Er**; *F,,
to 1,5, transition for unmodified (b) and NP-UCNP (d). The spectral measurement standard deviation is less
than 0.001.
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Figure 6. (a) Wide field fluorescence of one selected frame (frame no. 282) from the movie (see Supporting,
M1. UCNP in sucrose) with NP-UCNPs in 50% sucrose showing 3 particles (1 to 3). (b) Corresponding
positional time trace of the selected particles. Particles 1 and 2 were considered for fluorescence intensity
autocorrelation analysis.

constant of a single particle can be determined. Further investigation with a larger sample number is underway to
quantify both the rotational and diffusional constants of NP diffusion.

Methods

Sample preparation. NaYF,: Yb, Er NPs with a molar concentration of 20% Yb** and 2% Er** were syn-
thesized in the manner described in our previous work?. After washing and drying, UCNPs were dispersed in
cyclohexane to coat them with a silica shell. Coated UCNPs were then functionalized with amine groups by
silanization with amino propyltriethoxysilane (APTES). Negatively charged gold seeds were then nucleated in
solution with the silica coated UCNPs. After attachment, gold growth was facilitated by the reduction of addi-
tional gold salt allowing the gold seeds to grow, coalesce, and form a complete shell. To control the shell’s thick-
ness, different concentrations of gold salt were added to the growth medium. To stop the growth process and
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Figure 7. Intensity autocorrelogram for (a) particle 1, and (b) particle 2. Comparing rotational (a) and
translational (b) motion.

prevent aggregation, thioglycolic acid was added to the growth medium after 30 minutes of reaction time. TEM
imaging performed on a JEOL 2000FX TEM (NCSU AIF) was used to characterize the UCNPs and resulting
composite structures (see Supporting data, Fig. S4). TEM grids were prepared by drop casting 10 ul of (1 ug/ml)
UCNP/Au-Shell solutions.

To perform correlated structural and optical single NP spectroscopy, we used quartz glass chips with a chro-
mium grid pattern, sized for correlated bright field, fluorescence, and AFM imaging. The chips were fabricated by
lift-off process in the cleanroom at the NCSU Nanofabrication Facility (NNF).

Aqueous solutions (V =50 ul) of NP-UCNPs (1 pg/ml) and SiO,@UCNPs (100 ng/pl) were pipetted on the
chips and incubated for 30 min at RT while shaking at 300 rpm, followed by washing in 5ml DI water for 5min
and drying under nitrogen flow. For better attachment of the NP-UCNPs, the glass chips were functionalized with
thiol-terminated silane layers prior to immobilization. Therefore, the chips were first cleaned by an oxygen plasma
(300 W, 5min), incubated overnight in mercaptopropyltriethoxysilane (MPTES, 300 mM in toluene) at 75°C,
washed for 10 min in toluene in an ultrasonic bath, and finally dried under nitrogen and stored for 1h at 90°C.

Correlative microscopy. For optical correlation, a wide field fluorescence image of the UCNPs was taken
and their positions recorded on the indexed grids with an Andor NEO sCMOS camera. Afterwards, the recorded
positions were characterized with a MFP-3D-BIO Atomic Force Microscope (AFM, Asylum Research) in tapping
mode to find single UCNPs with different orientations, either lying with flat or edge orientations (see Supporting,
Fig. S1).

Time resolved spectroscopy measurements.  All spectroscopic studies were performed on single par-
ticles as identified by the above section using an optical microscope (40x, 0.9 N.A. air objective) utilizing the
same imaging camera to locate the desired particles. Spectral properties were measured using a half-meter mon-
ochromator coupled to a Hamamatsu H7421-40 photomultiplier. A tunable Optical parametric oscillator (OPO)
was pumped by a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser to facilitate excitation at 980 nm
(1000 Hz, 4.5 ns pulse width). Acquisition of the photomultiplier was timed with the pulsed emission to resolve
the time-dependent behavior at each wavelength. For polarization dependence, a ThorLabs WPH05M-980 wave
plate was inserted into the excitation path and rotated to provide excitation polarization in the desired angles (see
Fig. 1).

References

1. Ohmachi, M. et al. Fluorescence microscopy for simultaneous observation of 3D orientation and movement and its application to
quantum rod-tagged myosin V. P Natl Acad Sci USA 109, 5294-5298, d0i:10.1073/pnas.1118472109 (2012).

2. Dickson, R. M., Cubitt, A. B., Tsien, R. Y. & Moerner, W. E. On/off blinking and switching behaviour of single molecules of green
fluorescent protein. Nature 388, 355-358, doi:10.1038/41048 (1997).

3. Jana, N. R,, Gearheart, L. & Murphy, C. ]. Wet chemical synthesis of high aspect ratio cylindrical gold nanorods. ] Phys Chem B 105,
4065-4067, doi:10.1021/jp0107964 (2001).

4. Sonnichsen, C. & Alivisatos, A. P. Gold nanorods as novel nonbleaching plasmon-based orientation sensors for polarized single-
particle microscopy. Nano Lett. 5, 301-304, doi:10.1021/n1048089Kk (2004).

5. Spetzler, D. et al. Microsecond time scale rotation measurements of single F1-ATPase molecules. Biochemistry 45, 3117-3124,
doi:10.1021/bi052363n (2006).

6. Chang, W. S., Ha, J. W,, Slaughter, L. S. & Link, S. Plasmonic nanorod absorbers as orientation sensors. P Natl Acad Sci USA 107,
2781-2786, d0i:10.1073/pnas.0910127107 (2010).

7. Wang, G., Sun, W, Luo, Y. & Fang, N. Resolving rotational motions of nano-objects in engineered environments and live cells with
gold nanorods and differential interference contrast microscopy. ] Am Chem Soc 132, 16417-16422, doi:10.1021/ja106506k (2010).

8. Li, L., Green, K., Hallen, H. & Lim, S. E. Enhancement of single particle rare earth doped NaYF 4: Yb, Er emission with a gold shell.
Nanotechnology 26, 025101, doi:10.1088/0957-4484/26/2/025101 (2015).

9. Resch-Genger, U., Grabolle, M., Cavaliere-Jaricot, S., Nitschke, R. & Nann, T. Quantum dots versus organic dyes as fluorescent
labels. Nat Meth 5, 763-775, http://www.nature.com/nmeth/journal/v5/n9/suppinfo/nmeth.1248_S1.html (2008).

SCIENTIFICREPORTS |7:762 | DOI:10.1038/s41598-017-00869-3 7


http://S4
http://S1
http://dx.doi.org/10.1073/pnas.1118472109
http://dx.doi.org/10.1038/41048
http://dx.doi.org/10.1021/jp0107964
http://dx.doi.org/10.1021/nl048089k
http://dx.doi.org/10.1021/bi052363n
http://dx.doi.org/10.1073/pnas.0910127107
http://dx.doi.org/10.1021/ja106506k
http://dx.doi.org/10.1088/0957-4484/26/2/025101
http://www.nature.com/nmeth/journal/v5/n9/suppinfo/nmeth.1248_S1.html

www.nature.com/scientificreports/

10. Schietinger, S., Aichele, T., Wang, H.-Q., Nann, T. & Benson, O. Plasmon-enhanced upconversion in single NaYF4:Yb3+/Er3+
codoped nanocrystals. Nano Lett. 10, 134-138, doi:10.1021/n1903046r (2009).

11. Priyam, A, Idris, N. M. & Zhang, Y. Gold nanoshell coated NaYF4 nanoparticles for simultaneously enhanced upconversion
fluorescence and darkfield imaging. ] Mater Chem 22, 960-965, doi:10.1039/c1jm14040j (2012).

12. Paudel, H. P. et al. Enhancement of near-infrared-to-visible upconversion luminescence using engineered plasmonic gold surfaces.
J Phys Chem C 115, 19028-19036, doi:10.1021/jp206053f (2011).

13. Li, Z. Q. et al. Core/shell structured NaYF 4: Yb 34-/Er 3-+/Gd+3 nanorods with Au nanoparticles or shells for flexible amorphous
silicon solar cells. Nanotechnology 23, 025402, doi:10.1088/0957-4484/23/2/025402 (2012).

14. Sun, Q.-C. et al. Plasmon-enhanced energy transfer for improved upconversion of infrared radiation in doped-lanthanide
nanocrystals. Nano Lett. 14, 101-106, doi:10.1021/n1403383w (2013).

15. Malta, O. L., Santacruz, P. A., Desa, G. F. & Auzel, E. Fluorescence enhancement induced by the presence of small silver particles in
Eu-3+ doped materials. ] Lumin 33, 261-272, d0i:10.1016/0022-2313(85)90003-1 (1985).

16. Malta, O. L., Santacruz, P. A., Desa, G. FE & Auzel, E Upconversion yield in glass-ceramics containing silver. J Solid State Chem 68,
314-319, doi:10.1016/0022-4596(87)90318-5 (1987).

17. Zhang, W. H., Ding, F. & Chou, S. Y. Large enhancement of upconversion luminescence of NaYF4:Yb3+/Er3+ nanocrystal by 3D
plasmonic nano-antennas. Adv Mater 24, Op236-Op241, doi:10.1002/adma.201200220 (2012).

18. Saboktakin, M. et al. Plasmonic enhancement of nanophosphor upconversion luminescence in Au nanohole arrays. Acs Nano 7,
7186-7192, doi:10.1021/nn402598e (2013).

19. Schietinger, S., Aichele, T., Wang, H. Q., Nann, T. & Benson, O. Plasmon-enhanced upconversion in single NaYF4:Yb3+/Er3+
codoped nanocrystals. Nano Lett 10, 134-138, doi:10.1021/n1903046r (2010).

20. Greybush, N. J. et al. Plasmon-enhanced upconversion luminescence in single nanophosphor-nanorod heterodimers formed
through template-assisted self-assembly. ACS Nano 8, 9482-9491, doi:10.1021/nn503675a (2014).

21. Green, K., Wirth, J. & Lim, S. F. Optical investigation of gold shell enhanced 25 nm diameter upconverted fluorescence emission.
Nanotechnology 27, doi:Artn 135201 10.1088/0957-4484/27/13/135201 (2016).

22. Yamamoto, K., Fujii, M., Sowa, S., Imakita, K. & Aoki, K. Upconversion luminescence of rare-earth-doped Y203 nanoparticle with
metal nano-cap. ] Phys Chem C 119, 1175-1179, doi:10.1021/jp508443g (2015).

23. Chen, P. et al. Polarization modulated upconversion luminescence: single particle vs. few-particle aggregates. Nanoscale 7,
6462-6466, doi:10.1039/C5NR00289C (2015).

24. Zhou, J. J. et al. Ultrasensitive polarized up-conversion of Tm3+-Yb3+ doped beta-NaYF4 single nanorod. Nano Lett 13,
2241-2246, d0i:10.1021/n1400807m (2013).

25. Zhow,J.]., Xu, S. Q. Zhang, J. J. & Qiu, J. R. Upconversion luminescence behavior of single nanoparticles. Nanoscale 7, 15026-15036,
doi:10.1039/c5nr02979a (2015).

26. Zhou, J. et al. Ultrasensitive polarized up-conversion of Tm3+--Yb3+ doped 3-NaYF4 single nanorod. Nano Lett. 13, 2241-2246,
doi:10.1021/n1400807m (2013).

27. Lin, J. et al. TRF1 and TRF2 use different mechanisms to find telomeric DNA but share a novel mechanism to search for protein
partners at telomeres. Nucleic Acids Res, doi:10.1093/nar/gkt1132 (2013).

28. Lin, ], Kaur, P, Countryman, P., Opresko, P. L. & Wang, H. Unraveling secrets of telomeres: one molecule at a time DNA Repair
(Amst) accepted (2014).

29. Li, L., Green, K., Hallen, H. & Lim, S. E. Enhancement of single particle rare earth doped NaYF4: Yb, Er emission with a gold shell.
Nanotechnology 26, doi:Artn 02510110.1088/0957-4484/26/2/025101 (2015).

Acknowledgements

This work was performed in part at the NCSU Nanofabrication Facility (NNF), a member of the North Carolina
Research Triangle Nanotechnology Network (RTNN), which is supported by the National Science Foundation
(Grant ECCS-1542015) as part of the National Nanotechnology Coordinated Infrastructure (NNCI). We thank
Scott Lindauer and Zubair Azad for useful tips during the experiments. Robert Riehn is gratefully acknowledged
for his help with the image analysis. We also acknowledge support from NSF CBET 1067508.

Author Contributions
K.K. Green, J. Wirth and S.E Lim conceived the experiment, K.K. Green and J. Wirth conducted the experiments,
K.K. Green analyzed the results. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00869-3

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:762 | DOI:10.1038/s41598-017-00869-3 8


http://dx.doi.org/10.1021/nl903046r
http://dx.doi.org/10.1039/c1jm14040j
http://dx.doi.org/10.1021/jp206053f
http://dx.doi.org/10.1088/0957-4484/23/2/025402
http://dx.doi.org/10.1021/nl403383w
http://dx.doi.org/10.1016/0022-2313(85)90003-1
http://dx.doi.org/10.1016/0022-4596(87)90318-5
http://dx.doi.org/10.1002/adma.201200220
http://dx.doi.org/10.1021/nn402598e
http://dx.doi.org/10.1021/nl903046r
http://dx.doi.org/10.1021/nn503675a
http://dx.doi.org/10.1021/jp508443g
http://dx.doi.org/10.1039/C5NR00289C
http://dx.doi.org/10.1021/nl400807m
http://dx.doi.org/10.1039/c5nr02979a
http://dx.doi.org/10.1021/nl400807m
http://dx.doi.org/10.1093/nar/gkt1132
http://dx.doi.org/10.1038/s41598-017-00869-3
http://creativecommons.org/licenses/by/4.0/

	Nanoplasmonic Upconverting Nanoparticles as Orientation Sensors for Single Particle Microscopy

	Results

	Immobilized Particle Orientation Dependence. 

	Conclusion

	Methods

	Sample preparation. 
	Correlative microscopy. 
	Time resolved spectroscopy measurements. 

	Acknowledgements

	Figure 1 (a) Incoming polarization with respect to the orientation of either flat or on-edge particles.
	Figure 2 Single particle orientation dependent fluorescence spectra comparing UCNP lying flat (blue) and on edge (black).
	Figure 3 Plots of the volume averaged square of the electric field strength of flat (a and b) and edge orientation (c and d) at 0° (x-polarized, a and c) and 90° (y-polarized, b and d) excitation polarization.
	Figure 4 Red spectra (λ = 650 nm) of (a) unmodified UCNP, (c) UCNP with 18 nm Au Shell, and the emission intensity dependence on the excitation polarization for (b) unmodified UCNP and (d) UCNP with an 18 nm Au shell plotted as a ratio to the lowest emiss
	Figure 5 Time-resolved decay of (a) unmodified UCNP and with (c) 18 nm gold shell coating (NP-UCNP) with corresponding dependence of the radiative lifetime on the excitation polarization angle for the Er3+ 4F9/2 to 4I15/2 transition for unmodified (b) and
	Figure 6 (a) Wide field fluorescence of one selected frame (frame no.
	Figure 7 Intensity autocorrelogram for (a) particle 1, and (b) particle 2.




