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ABSTRACT: Near-infrared (NIR) light sensitive lanthanide-
doped NaYF, upconversion particles (UCPs) are gaining
increasing attention as local probes in biomedical applications.
Here, we implemented a photonic force microscope (PFM) to
manipulate and study the optical properties of trapped single
UCPs, f-NaYF,YbEr. In particular, we focused on the
mechanisms of the optical trapping of nonspherical UCPs of
different sizes, in the range 0.5—2 um, as well as on their
upconversion photoluminescence (UCL) properties under
excitation with the strongly focused laser beam (4 = 1064 nm)
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of the PEM, operating at power densities up to 14.7 MW cm ™2 A careful analysis of UCL under such conditions points to three
emission peaks at 469, 503.6, and 616.1 nm, which were enhanced by the high laser power density. The analysis of Brownian
motion was used to quantify the thermal fluctuations of the particle inside the optical trap as well as the particle sizes and optical
forces acting in the two dimensions perpendicular to the optical axis. A steep dependence of UCL as a function of the particle
diameter was found for UCPs having sizes smaller than the focal spot (~900 nm) of the NIR laser.

KEYWORDS: B-NaYF,:Yb,Er particle, optical trapping, optical tweezers, nonlinear optics, upconversion photoluminescence,

Brownian motion

ife sciences have a constantly growing need for novel

methodological approaches suitable to investigate the
intracellular environment with increased time and spatial
resolutions. Optical near-field probes, such as laser-illuminated
metal tips, uncoated/metal-coated tapered optical fibers, and
nanoemitters, such as single molecules or nanoparticles, have
attracted increasing attention as key components of high-
resolution microscopes.

In parallel, super-resolution fluorescence microscopy, operat-
ing in the far-field regime and overcoming the light diffraction
limit, has markedly improved imaging resolution. Although,
near- and far-field optical approaches drastically improve image
resolution, they still present numerous drawbacks, which
include technical difficulties related to probe preparation
(near-field) or potentially damaging light intensities (far-field).

The aforementioned shortcomings of high-resolution optical
microscopy can be overcome to a great extent by photonic
force microscopy (PFM). PFM employs a strongly focused
near-infrared (NIR) laser light to hold a dielectric or metallic
particle as a local probe. Such an optical trap enables confining
a mesoscopic particle and track its three-dimensional (3D)
thermal fluctuations in the surrounding environment, e.g, a
viscous liquid. Therefore, besides offering 3D near-field
imaging, PFM also reports on other important quantities
concerning the local mechanical properties, including force and
viscosity as well as dynamical properties of the surrounding
medium. This additional information is derived from the careful

v ACS Publications  © Xxxx American Chemical Society

analysis of the so-called Brownian motion of the trapped single-
particle probe that collides with thermally activated surround-
ing molecules.

At present, the most promising nonlinear, light-emitting
nanoprobes that have been shown to be optically manipulable
are nanowires made of perovskite alkaline niobates (e.g,
KNbO,)"? or indium phosphide.®> These nanowires are able to
convert the continuous infrared (IR) light energy of the optical
trap into one sharp visible line at half the excitation wavelength
by a second-harmonic generation (SHG) process. Long KNbO,
nanowires have potential application for near-field probing.' In
particular, it was shown to be possible to excite organic
fluorescent molecules, such as nucleic acid binding POPO-3
dyes, by a direct energy transfer from the trapped KNbO,
nanowire emitting the SHG light.' However, SHG requires
relatively high levels of IR power' and challenges remain
concerning preparation of SHG probes having controlled sizes
and shapes suitable for optical manipulation."”

Light-upconversion systems, which are capable of converting
low-energy IR or NIR incident photons to higher energy
emission, are increasingly gaining attention as novel probes for
analytics in biological environments, quantitative microscopy,
and bioimaging.® In particular, lanthanide-doped upconversion
luminescent nanoparticles (UCNPs) display the unique
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property of emitting visible light following photoexcitation with
NIR laser light.® Such an upconversion photoluminescence
(UCL) mechanism is generally not available for existing
endogenous and exogenous fluorophores, offering UCNPs
various distinctive characteristics for optical biomedical
imaging, such as minimal autofluorescence background, large
anti-Stokes shifts (up to S00 nm), narrow emission bandwidths,
high resistance to photobleacing, nonblinkjnég, less light
scattering, and deeper tissue penetration.”® Additional
advantages over other light-emitting probes are their higher
quantum yield and a tunable emission wavelength.

UCNPs and their microsized upconversion counterparts
(UCPs) are now becoming commercially available in a wide
range of shapes and sizes.”'° Typically, characterization of their
photophysical properties is done in bulk,’ "> and only a few
studies of the {)roPerties of single upconversion particles have
been reported.> "¢

Recently, the feasibility of 3D optical trapping of small-sized
UCNPs (~26 nm in diameter) was demonstrated by Haro-
Gonzilez et al.'” In the present work, we developed a
methodology based on PFM and high-frequency optical
trapping interferometry'®'? to simultaneously study photo-
physical and morphological properties of single UCPs. We
implemented two types of commercially available highly
luminescent UCPs based on f$-NaYF,, which were nominally
doped with Yb and Er. These two types of UCPs were
synthesized by two different technological pathways, ie., the
flame-fusion method and hydrothermal standard Schlenk
technique, which resulted in two markedly different particle
morphologies, that is, random and well-defined (hexagonal
plate) shapes, respectively.

The rationale behind investigating UCPs having different
morphologies, yet revealing similar photo-optical properties
under experimental conditions of PFM, was imposed by the
adopted procedure of calibration of the Brownian motion for
particles of arbitrary shapes. In particular, first, we developed
the calibration procedure for a particle having well-defined
morphology (hexagonal plate), and then, the protocol was
extended to UCPs of random shapes.

Our PFM experimental setup enabled us to investigate the
UCL properties of UCPs at the single-particle level, at very high
NIR laser power densities, up to 14.7 MW cm™2, and revealed
strong peaks of visible light emission related to the
upconversion transitions within the electronic manifold of
Er’*. We also observed additional, well-distinguished, although
definitely much weaker UCL peaks, which were enhanced by
the high laser power density. Moreover, unlike in bulk studies
of UCPs, in PFM, interactions with neighboring particles could
be avoided, thus minimizing distortions in UCL spectra of
individual UCPs. Finally, the exact analysis of Brownian
fluctuations of trapped single UCPs made it possible to
evaluate the best-suited morphology of such particles for
applications as near-field luminescent Brownian probes.

B RESULTS AND DISCUSSION

To investigate the Brownian fluctuations of an optically trapped
particle with 1 ps temporal and 1 nm spatial resolutions, we
used a custom-built PEM setup.” It consists of an ultrastable
inverted light microscope with a 3D sample positioning stage, a
1064 nm laser (IRCL-500-1064-S, CrystalLaser, USA) for
optical trapping, and a quadrant photodiode (QPD), model
G6849 from Hamamatsu Photonics, Japan, for high-resolution
as well as time-resolved position detection.

The PFM setup was modified to detect and measure
nonlinear optical effects emitted by a single optically trapped
particle excited directly by the 1064 nm trapping beam in
continuous wave (CW) mode. In order to perform high-
sensitivity photoluminescence detection, a spectrofluorometer
(USB2000-FL-450, Ocean Optics Inc,, USA) and an electron
multiplying charge-coupled device (EMCCD, iXon*"+897,
Andor Technology, United Kingdom) camera were added

(Figure 1).
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Figure 1. Schematic layout of the laser light pathways for particle
trapping (orange light path) and for UCL detection (green light path).
The Brownian motion of the trapped UCP was monitored with a
QPD. The UCL spectra were acquired with a fiber-coupled
spectrofluorometer. The trapped particle can be visualized with a
CCD or an EMCCD camera. The NIR laser power can be varied by
selected neutral density filters (see Supporting Information for more
details).

Two types of lanthanide-doped samples with similar Yb/Er
ratios were studied: (i) polycrystalline NaYF,:22%Yb,2%Er
UCPs having random shapes, edges, and sizes ranging from
hundreds of nanometers to a few micrometers’ (Figure 2a) and
(i) the highly monodisperse, monocrystalline NaYF,:20%
Yb,2%Er plates of hexagonal shape, with edge lengths of ~230
nm and a thickness of ~120 nm'® (Figure 2b). UCPs of the
first type, PTIRSS0/F, were bought from Phosphor Technol-
ogy Ltd., Stevenage, England. These UCPs comprise
polycrystalline NaYF,:22%Yb,2%Er UCPs ground from bulk-
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grown crystals obtained by the flame-fusion method. UCPs of 1s6

the second type were purchased from Intelligent Solutions Inc.,
Princenton, NJ, USA. These UCPs comprise monocrystalline
NaYF,:20%Yb,2%Er plates of hexagonal shape synthesized by
standard Schlenk techniques.'® The as-received random shape
UCPs were tip-sonicated to achieve stable suspensions in water,
whereas the monodispersed hexagonal shape UCPs were
dispersed in water using a sonication bath (see Supporting
Information for more details).

dx.doi.org/10.1021/ph500189w | ACS Photonics XXXX, XXX, XXX—XXX

—_
f=)
oY)



f3

ACS Photonics

Figure 2. High-resolution scanning electron microscopy images of (a)
random and (b) hexagonal shape UCPs. The detector for secondary
electrons was placed 3 mm from the surface sample, and the energy of
the excitation electrons was 3 keV for high-resolution imaging of the
particles.

165 To study the UCL properties at the single-particle level, a
166 dispersed aqueous solution of UCPs was first introduced into
167 the sample chamber of our PFM. Next, the UCPs were allowed
168 to sediment to the bottom surface. A single UCP was then
169 selected by optical microscopy and picked up with the optical
170 trap away from the bottom surface of the sample chamber. To
171 make sure that we trapped a single UCP, during the
172 experiment, we continuously checked the UCL spectra and
173 monitored the Brownian motion. In particular, the amplitude of
174 the UCL spectrum becomes higher when a second UCP
175 particle enters the optical trap (see Supporting Information for
176 more details). Finally, the UCL intensity spectrum of each
177 optically trapped UCP excited by the NIR trapping laser was
178 recorded. Figure 3a shows typical UCL intensity spectra for a
179 random and hexagonal shape UCP trapped at different laser
180 power densities ®@,... The laser power density was calculated
181 knowing the 1/¢* radius w, = 451 nm”' and the laser power,
182 Py as P/ (7wy?). The measurements were performed at
183 room temperature. According to the model developed by E. J.
184 G. Peterman et al. for polystyrene and silica microspheres,
185 one can expect the temperature increase in the fluid adjacent to
186 the particle to be ~2 °C for the maximum laser power (94
157 mW) we used (see Supporting Information for more details).
188 The UCL emission spectrum of a single optically trapped UCP
189 exhibits a multicolored spectrum with nine distinguishable
190 emission bands centered around 408.6, 469, 503.6, 525.4, 549.2,
191 616.1, 657, 697.8, and 841.9 nm. The wavelength for each
192 emission band does not change because it is dopant- but not
193 shape-dependent. Interestingly, the green light emitted by the
194 trapped hexagonal plate is less quenched than for random shape
195 particles (Figure 3a, black line).

196 The UCL intensity spectrum (Figure 3a) originates from the
197 upconversion process between Yb** as a donor and Er’* as an
198 acceptor.23 Peaks located at 408.6, 525.4, 549.2, and 657 nm are
199 respectively attributed to the radiative transitions from the
200 *Hyp, *Hyy s, *S3)5, and *Fy), excited states to the *I;5/, ground
201 state of Er** (Figure 3b). These transitions were also visible in
202 bulk measurements performed at low laser power densities.” In
203 contrast, the blue emission peaks around 469 and 503.6 nm
204 matching the intrastate transitions *Ky5/, — I3/, and *Gyy, =
205 *I135, and the red peaks at 616.1 and 697.8 nm corresponding

—

—_

—

206 to the intrastate transitions *G,, n = 1, , and 2H9/2 -1, /2
207 respectively, have not been observed in bulk measurements
208 performed using much lower laser power densities.”'°

Previously, the emission peaks at 697.8 and 841.9 nm have 209
also been reported for similar particles measured at moderate 210
power densities up to ~300 W cm™2** In addition, 211
investigations at the single-particle level have revealed the 212
peak at 697.8 nm for a laser power density of ~625 kW cm™2.'? 213
Thus, our measurements indicate that the three intrastate 214
transitions at 469, 503.6, and 616.1 nm are exclusively visible 215
due to a marked enhancement of their respective amplitudes by 216
high laser power densities (up to 14.7 MW cm2) of our PFM 217
setup. Interestingly, as can be seen in Figure 3b, the intensity of 218
the NIR peak located at 841.9 nm, which matches three 219
different intrastate transitions corresponding to 4G9/2 - 4F9/2, 220
*Hy), — "Iy, and *S;/, — *I,3),, is also enhanced. 21

Even though we associated the UCL peaks at 469 and 503.6 222
nm with intrastate transitions of the 4f electron manifold of the 223
Er** ions, they might also originate from impurities. However, 224
available data on the purity of the studied UCPs do not suggest 225
the presence of trace amounts of other lanthanides, which 226
might contribute to these UCL peaks.”'*** 227

UCPs were exposed to variable laser power densities to 228
evaluate their UCL emission. To this end, one representative 229
and relatively large UCP of random shape (~1.2 ym) was 230
trapped by the laser beam of the PFM, and its photo- 231
luminescence was measured as a function of laser power 232
density, ®y... Figure 3c shows the emitted UCL power, Pycy, 233
of the five major peaks (469, 525.4, 549.2, 657, and 697.8 nm) 234
as a function of @, (see Supporting Information for the 235
calculation of Pyc). We chose a rather large UCP to assess 236
over a broad laser power range the otherwise too weak light 237
blue and dark red emission bands, centered around 469 and 238
697.8 nm, respectively. The strong laser power densities 239
reached in the tightly focused laser beam of the optical trap 240
allowed studying the highest energy electronic state excitable 241
through the upconversion process (Figure 3b). As can be seen 242
in Figure 3a and ¢, the UCL intensity increases with @, 243
Similar behavior of increasing UCL at very high laser power 244
densities was observed by Gargas et al.'® The lowest power 245
density (@, = 0.0867 MW cm?) corresponds to the minimal 246
laser power necessary for trapping, which essentially depends 247
on the size of the particle. It is worth noting that the laser 248
power densities employed in this experiment were much higher 249
than those reported in similar studies so far. 250

In principle, UCL is excited by the sequential absorption of 251
N photons according to the relation Pyc; o @y, The values 252
of N were derived from fits of the log—log plots of Pycy (Paer) 253
(Figure 3c, black lines).**® At very low @, far below 2354
trapping conditions, 2 < N < 3 is typically observed in bulk, 255
indicating a mixed two- or three-photon process.”**® At the 256
high excitation densities necessary for trapping (0.077> S @y, 257
< 17%), we observe that N is reduced to ~1 due to saturation of 258
the UCL process, except for the light blue emission band, 259
which still exhibits a three-photon upconversion process, with 260
N =~ 3 (Figure 3c). Further increasing the trapping strength 261
yields N < 1, thus pointing to UCL quenching due to a lack of 262
phonons.”**” Nevertheless, even under such extreme con- 263
ditions after 2 min of illumination at the highest power density, 264
®,,,., = 147 MW cm™?, the UCP remained stable and only very 265
low bleaching with no blinking was observed (see Supporting 266
Information). This is in contrast to quantum dots (QDs)® and 267
organic dyes.” 268

Further manipulation and characterization of a single UCP 269
were achieved in the optical trap, which was linearly polarized 270
in the xy-plane perpendicular to the beam axis z. As the laser 271
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Figure 3. (a) Evolution of the UCL spectra from a single UCP as a function of the laser power density, @y, trapped at 0.32 (red trace), 3.97 (green
trace), 9.7 (blue trace), and 14.7 (magenta trace) MW cm™2 for a random shape UCP, and at 14.7 (black trace) MW cm™ for a hexagonal shape
UCP. All spectra were recorded using integration time 7, = 0.5 s, and the particles were trapped in water. Inset: Photoluminescent EMCCD image
of a single trapped hexagonal UCP. (b) Representation of the f-shell electronic levels of Yb** and Er** atoms, showing the energy transfer UC
processes (indicated by three dash-dotted black arrows) responsible for photoluminescence after NIR excitation (indicated by a continuous black
arrow) of the *F;, level of Yb*". A phonon (indicated by a continuous gray arrow) is needed to excite the °F;, level of Yb**. The black dotted line
represents the radiative relaxation of Yb**. The nine colored arrows correspond to the peaks in the UCL spectrum shown in (a). (c) Log—log
representation of the UCL emitted power from the representative random shape particle for its five major peaks. The corresponding exponents of
the power law (N) for each emitted wavelength are shown adjacent to the plots. All spectra were recorded with integration times ranging from 0.05
to Ss.

light carries linear and angular momentum that is transferred to with one characteristic time constant, 7; = p,R,/n; where py is

273 the particle, the optical trap exerts not only a restoring force but the density and #; the viscosity of the fluid."” In contrast, for a
274 also a restoring torque on the geometrically anisotropic nonspherical UCP, the x- and y-components of translational
275 particle>*" All particles studied here align spontaneously Brownian motion are anisotropic and yield two characteristic
276 with the laser polarization in the xy-plane of the trap and time constants, 7g; = pri,v/ np with i = x, y. R, and R,
277 exhibit only small-angle oscillations around their equilibrium correspond to the effective radii along directions x and y,
278 orientation. The remaining Brownian fluctuations of the respectively, which are defined by the axis of the QPD (Figure
279 trapped UCP are detected by the QPD. 1).

280 When a UCP is trapped, the large-angle rotational Brownian As shown in Figure 4a, the time constants 7y, and 7y, appear
281 motion is strongly suppressed by the optical restoring torque in the short-time power laws (#/7;)* of the velocity
282 and short-time fluctuations are dominated by the translational autocorrelation function (VAF) along the x- and y-directions,
283 Brownian motion.*> Then, the hydrodynamic vortex, which respectively. The values of 7;, and 7y, are derived from the
284 develops by momentum exchange between the fluctuating Brownian motion of the trapped UCP. At longer times, each
285 particle and the surrounding fluid, influences also Brownian VAF, exhibits a zero-crossing, which is then followed by a quasi-
286 motion. For a spherical particle of radius R,, the hydrodynamic exponential relaxation with a characteristic time 7x, = 62R,,;/
287 vortex propagates around the particle in all three dimensions K, due to the restoring forces of the optical trap, with stiffness

D dx.doi.org/10.1021/ph500189w | ACS Photonics XXXX, XXX, XXX—XXX

289
290
291
292
293
294
29§
296 f4
297
298
299
300
301

302
303



ACS Photonics

(@

0
10 Hw A, =600 nm A, x=255nm
R, =700 nm R, =255nm

¥ x X

¥y

| VAF(t)| (nm?2 ps2)

(b)

$ x
by

2x791 nm

L.

10 L

1 2 3 4 5
10 10 10 10 10

Frequency, f (Hz)

PSD (nm2 Hz")

2x558 nm

(IR TTTT R ETTT MU ETTTY SR TTTT SR ATTT MR R T MW

Figure 4. (a) Log—log plot of IVAFI calibrated along the x- and y-
directions for a random (red and blue data points) and hexagonal
(yellow and magenta data points) shape UCP. (b) Log—log
representation for the x- and y-components of the corresponding
calibrated PSD. Insets: Images of the corresponding trapped UCPs.
The gray lines indicate fitting based on the full hydrodynamic theory
for a sphere,'® whereas the black lines take into account eqs 1 and 2 for
the rotational motion. Both particles were trapped in water, at @y, =
1.02 MW cm ™ (p, = 421 kg m™, pr = 997.6 kg m™>, and 77; = 0.955
mPa s at T = 295 K). All data were blocked in 10 bins per decade, and
error bars indicate the standard error of the mean values obtained from
blocking.

304 K;. Although the short-time fluctuations of the trapped UCP are
30s primarily due to translational Brownian motion, the small-angle
306 oscillations around its equilibrium orientation influence the
307 long-time dynamics of the particle, as shown in the power
308 spectral density (PSD) in Figure 4b for frequencies f < 40 Hz.
309 In principle, the influence of inertia of the fluid and the particle
310 at these long times can be neglected for the rotational
311 Brownian motion of an asymmetric particle.33’34 The rotational
312 component of the VAF can be then expressed by a negative
313 decaying exponential

2Dl‘0t

VAF™(f) = — o/,
K, (1) 314
and the PSD results in a Lorentzian function 315
) Dt
PSD™(f) =

z( (fkrp)z
af |1+ v
(2) 316

with the rotational diffusion constant, D™, and the time 317
constant related to the optical torque, 7. Expressions 1 and 2 ;5

are solutions of the overdamped Langevin equation, which is a 319
ﬁrst-o31;dsir equation with no dependence on the particle 320
N 321

Under our experimental conditions, coupling between 322
translational and rotational motions is low, and both 323
contributions occur at well-separated time scales. As a 324
consequence, our data can be described by a superposition of 325
the translational contribution, given by Franosch et al," and 326
the rotational contributions expressed by eqs 1 and 2 (Figure 4, 327
black lines). 328

At short times, only translational motion needs to be 329
considered. Thus, adapting the method developed for a 330
sphere'® to asymmetric particles is sufficient to fit data to 331
theory along the x- and y-directions (Figure 4, gray lines). The 332
method consists in simultaneously fitting the long-time tail in 333
the short-time window of the VAF; and the diffusive regime in 334
the high-frequency window of the PSD,, which is defined by the 335
translational diffusion constant Dj" (Figure 4b). This yields 336
effective radii R, , = R, , = 255 nm for a hexagonal plate, and R 337
=600 nm and R, = 700 nm for a typical random shape UCP. 335
Both results match the apparent sizes measured either from the 339
CCD camera calibrated image (Figure 4b, bottom left inset) for 340
the random shape particle or by high-resolution scanning 341
electron microscopy for the hexagonal plate (Figure 4b, top 3+
right inset). As expected, the apparent radius along the x-axis of 343
the random shape particle, R,, = 791 nm, is close to the 344
effective radius obtained by fitting the y-component of the 345
Brownian motion R, , = 700 nm, and concomitantly R, , & R, ,. 346
Translational diffusion of the random shape particle along the 347
x-axis is larger because R, is smaller (Figure 4b, Dy > D;r, red 348
and blue data points). 349

Apparent sizes, 2R, and 2R, are defined as measurable 3s0
sizes along the respective x- and y-axis from the CCD camera 351
calibrated image for a given orientation of the UCP in the 352
optical trap. In contrast, the orientation of a hexagonal shape 353
plate remained unknown because it was too small to be clearly 354
visualized with the CCD camera. Nevertheless, at high 3ss
frequencies we found the translational diffusion constants DY 3s6
= D;r, whereas at low frequencies, f < 40 Hz, data could not be 357
fitted by the theory for a spherical particle (Figure 4b, magenta 3ss
and yellow data points). 359

Through the detection of Brownian motion of a single UCP 360
held in the optical trap, a connection between the size of the 361
particle and the intensity of its photoluminescence can be 362
made. In Figure 5, we observe an increase of the emitted UCL 363 fs
power, Pycp, of major emission bands at 525.4, 549.2, 657, and 364
697.8 nm (depicted in Figure 3a and b) with increasing UCP 365
sizes. For an average effective radius (R.) = (R.. + R.,)/2, 366
below ~400 nm, the light blue emission band at 469 nm is 367
within the background noise of detection at the low laser power 368
density @y, = 1.02 MW cm™>. This laser power density was 369

dx.doi.org/10.1021/ph500189w | ACS Photonics XXXX, XXX, XXX—XXX
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Figure 5. UCL power emitted by a trapped UCP as a function of its
average effective radius (R,). Only the five major peaks are represented
(Figure 3c). The gray-shaded area highlights the region where Pyc
strongly depends on (R,). Error bars originate from the uncertainty in
reading out 7y;.

370 employed to probe (R,) for all particles investigated in Figure S.
371 The very steep increase of Py below (R.) = 357.5 nm (Figure
372 Sa, gray-shaded area) can be explained by the ratio of the
373 particle and laser beam sizes at the trapping position. As long as
374 (R.) < wp, with wy = 451 nm being the 1/¢* radius of the
375 focused trapping laser,”" any radial variation in the excitation
376 density has drastic effects on Pyc*® Furthermore, defect-
377 induced quenching becomes more important for smaller ratios,
378 (R.)/w,. Such quenching is clearly higher for a random shape
379 and polycrystalline UCP than for a monocrystalline and
380 hexagonal shape UCP with well-defined edges, which exhibits
381 therefore a more efficient upvonversion process, despite its
382 smaller size'®*>3® (Figure 5). As soon as (R,) 2 w,, the UCP
383 sizes begin to exceed the laser beam diameter and then the
384 thermal fluctuations influence less Pyc; (Figure S, plateau at
385 (R,) > 357.5 nm).

386 The results presented in Figure 5 can also allow tailoring the
387 best-suited UCP morphologies for performing energy transfer
388 in fluorescence microscopy from a single UCP to an adjacent
389 chromophore with subwavelength resolution. In particular, the
390 appropriate size of UCP has to be comparable to the size of the
391 emission volume in a two-photon excitation (TPE) process,
392 directly induced by the focused laser beam. In the case of our
393 PEM operating at 1064 nm this emission volume is defined by
394 the full width at half-maximum (fwhm, = 345 nm and fwhm, =
395 866 nm).”” Matching the UCP size and the TPE volume
396 enables the energy transfer to dominate oversimple TPE
397 processes. To further improve the spatial resolution, tuning the
3908 UCL emission by designing core/shell-structured upconversion
399 particles is worth investigating.**>¢
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40 Il CONCLUSIONS

401 In summary, we characterized in detail, at the single-particle
402 level, the upconversion properties of random and hexagonal
403 shape particles of NaYF,:Yb,Er. These nano/microsized UCPs
404 could be easily manipulated and revealed eflicient nonlinear
405 multicolor UCL, while being trapped by the NIR laser beam of
406 the PFM. Our results indicate also that the amplitudes of
407 individual visible UCL emission bands depend on the laser

power density as well as the size and shape of the particles. In 408
particular, the hexagonal plates exhibit a much stronger UCL 409
emission than random shape particles of comparable sizes. This 410
might be due to a lower content of structural defects in the 411
highly crystalline structures. Moreover, under high laser power 412
densities UCPs were photostable and revealed no blinking. In 413
addition, the analysis of the Brownian motion of the trapped 414
UCP allowed us to precisely measure its two-dimensional sizes. 415
This was done by exploiting the short time dynamics of thermal 416
fluctuations of the UCP through the simultaneous fitting of the 417
VAF and PSD. 418

In brief, further research in this domain will broaden the 419
application field of NaYF,:Yb,Er nanoparticles from photo- 420
luminescent single-particle probes to such applications as 421
nanolight sources for multiplexed molecule sensing at the 422
nanoscale with subwavelength resolution. In biomedically 423
oriented studies, the novel microscopic methodology proposed 424
herein can provide a deeper insight into mechanical and 425
microrheological properties of intracellular components and 426
interactions. In particular, due to the implementation of PFM, 427
stiffness, viscosity, and exerted forces can be evaluated with 428

nanometer spatial and microsecond temporal resolutions. 429
B ASSOCIATED CONTENT 430
© Supporting Information 431

Further details on the PFM instrument (Figure S1), 432
morphologies of the UCPs, optical trapping of single UCPs, 433
laser-induced heating in PEM, calibration of the spectrofluor- 434
ometer (Figures S2 and S3), quantification of the UCL 435
spectrum (Figure S4), and UCL bleaching (Figure S5) can be 436
found in the Supporting Information. This material is available 437

free of charge via the Internet at http://pubs.acs.org. 438
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