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NIR laser scanning microscopy for photophysical
characterization of upconversion nanoparticles
and nanohybrids+
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Photophysical characterization of upconversion nanoparticles (UCNPs) and nanohybrids (UCNHSs) is more
challenging than that of down-conversion nanomaterials. Moreover, it is still difficult to gain knowledge
about the homogeneity of the sample and colocalization of emissive chromophores and nanoparticles in
nanohybrids. Near infrared laser scanning microscopy (NIR-LSM) is a well-known and useful imaging
technique, which enables excitation in the NIR region and has been extensively applied to optical fluor-
escence imaging of organic fluorophores and nanomaterials, such as quantum dots, which exhibit a
short-lived emission. NIR-LSM has recently been used to determine the empirical emission lifetime of
UCNPs, thus extending its application range to nanomaterials with a long lifetime emission. Here, we
review our previous findings and include new measurements and samples to fully address the potential of
this technique. NIR-LSM has proved to be extraordinarily useful not only for photophysical characteriz-
ation of UCNHs consisting of UCNPs capped with a fluorophore to easily visualize the occurrence of the
resonance energy transfer process between the UCNH constituents and their homogeneity, but also to
assess the colocalization of the fluorophore and the UCNP in the UCNH; all this information can be
acquired on the micro-/nano-meter scale by just taking one image.
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1. Introduction

Traditionally, near infrared laser scanning microscopy
(NIR-LSM) has been used as a bioimaging technique consist-
ing of scanning a surface and registering its emission, pixel by
pixel. This technique has the advantages of common confocal-
microscopes due to multiphoton excitation - such as reduction
of autofluorescence of biological tissues and out-of-focus light,
and the multi-z scan (3D images). Moreover, a near-infrared
(NIR) excitation laser allows higher penetration depths in bio-
logical samples."™ It was initially developed to excite multi-
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photonically organic fluorophores in biological media (multi-
photon excitation microscopy, MPM) and, later on, its use was
extended to excite nanomaterials, such as quantum-dots® and
perovskites.®”

On the other hand, UCNPs are novel photoactive nano-
materials that can upconvert light, specifically NIR light, into
ultraviolet, visible and/or NIR light. Usually, UCNPs are co-
doped with two different lanthanide ions, one of them acting
as a sensitizer and the other one as an activator. The sensitizer
(typically Yb>") absorbs light to lead to its excited state (Yb***)
with an extraordinarily long-lifetime (hundreds of ps).

Unlike coherent two-photon absorption of conventional
chromophores, which occurs through “virtual” states, multi-
photon sensitization in UCNPs*® occurs via stepwise popu-
lation of real long-lived states of the activator (e.g., Er’**, Tm>",
Ho*"), from which light is emitted.”*°

In addition to their upconversion luminescence (UCL)
feature, UCNPs display overall, unique optical and chemical
properties, such as narrow emission bands, no photoblinking,
no photobleaching, long emission lifetimes, high chemical
and thermal stability and low cytotoxicity.'"'> Owing to their
exceptional properties, UCNPs are promising in a wide range
of applications e.g., (bio)sensing, solar cells, theranostics, and
bioimaging."* ™’
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Although NIR-LSM was not initially conceived to be used
with UCNPs, this technique has been adapted perfectly to
imaging them since their absorption and the NIR-LSM exci-
tation occur in the same region (specifically, in the NIR).'®"?
Moreover, the long lifetime of UCNP emissions makes it
possible to avoid the undesirable auto-fluorescence from the
sample by using a simple time-gating technology.””*!
Different studies have demonstrated that single particle
imaging of UCNPs is feasible,>*>* even for those measuring
10 nm, with a conventional multiphoton microscope®! and
that sub-diffraction imaging is achievable when measuring
UCNPs with super-resolution techniques, like NIR emission
saturation (NIRES) nanoscopy®’ and the stimulated emission
depletion (STED) approach.>*>® These new results show the
power in bioimaging when combining UCNPs and NIR-LSM.

UCL kinetic profiles of UCNPs show a characteristic slow
rise and, in general, a long emission decay, which unfortu-
nately cannot be used to easily obtain the intrinsic decay con-
stants of a given emitting state from the UCL time
dependence.”®’}

Our group has demonstrated the possibility of using the
NIR-LSM as a technique for the determination of “empirical”
UCNP emission lifetimes.>**?> The ability of the NIR-LSM to
scan samples at different scan speeds by controlling the dwell-
time has proved to be an appropriate solid-state approach to
measure such decay times. The key step of the procedure is the
transformation of the space-resolved image to a time-resolved
profile, from which the empirical decay lifetime of the emis-
sions can be obtained.

This approach has also been useful to detect the lengthen-
ing of the organic dye emission present in upconversion nano-
hybrids as a consequence of an energy transfer process from
the UCNP emissive lanthanide to the organic dye.*"** In this
paper, recent findings with novelties only touched upon in pre-
vious works are gathered together and the scope of the
NIR-LSM technique is explored in much more detail to offer a
complete vision of the versatility of the NIR-LSM technique
which is extremely useful for the photophysical characteriz-
ation of long-lived emissive (nano)hybrids. To this end, four
samples of UCNPs have been prepared with different types
and concentration of dopants, namely oleate-capped
NaYF,:Yb**(20%),Er**(2%),UCk; »; NaYF,:Yb**(20%),Er**(20%),
UCkr20; NaYF.:Yb*(20%),Tm’*(0.1%),UCrm; and  NaYFy:
Yb**(20%),H0**(1%),UCy,. Also, two nanohybrids consisting
of rhodamine dyes grafted to UCyy, (specifically, UCr,,@Rh101
and UCr,,@Rh110) were prepared to study the co-localization
and the homogeneity of the UCNHs.

Our results demonstrate that NIR-LSM can be used as a
characterization technique to obtain empirical luminescence
lifetimes, information on the homogeneity of the sample and
the occurrence of energy transfer, as well as the co-occurrence

1An exception is the time profile of the blue emission in the Er/Yb system
because its intrinsic lifetime is relatively fast compared to the feeding processes
and, therefore, the time dependence of the UC emission reflects the kinetics of
the excited-state energy transfer between the donor and acceptor (ref. 29).
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of dyes and UCNPs in upconversion nanohybrids (UCNHs). All
this considered, NIR-LSM has proved to be more than an
imaging technique as it enables detailed photophysical charac-
terization and visualization of upconversion nanoparticles and
nanohybrids on the micro-/nano-meter scale. This information
is associated with close-lying nanoparticles or an assemblage
of nanoparticles (agglomerate) and it cannot be ascertained
with a conventional NIR-excitation fluorometer, which is better
suited to macroscopic and solvent-dependent measurements.

2. Experimental

The chemicals used for the synthesis of the nanoparticles
were: lanthanide chlorides (YCl3-6H,0, YbCl;-6H,0,
ErCl;-6H,0, TmCly-6H,0, HoCly-6H,0, and TbCly-6H,0
(>99.9%, all of them), 1-octadecene (95%), oleic acid (70%),
NaOH, and NH,F (99.99%). All these chemicals were pur-
chased from Merck and used as received without previous
purification.

2.1. UCNPs synthesis and characterization

Four oleate-capped UCNPs with different composition were
synthesized following a previously described protocol (UCkg; ,;
UCk;20; UGy, and UCy,).>* The amount and type of lantha-
nide dopants were adjusted in the synthesis in order to obtain
the desired UCNPs (see ESIf for further details). The syn-
thesized UCNPs composition was elucidated by energy disper-
sive X-ray spectroscopy (EDX, Fig. S1 and Table S1 in the ESIt).
The ratio between different lanthanide ions matched with the
initial amount of each lanthanide in the synthesis, i.e., NaYF,:
Yb**(20%),Er**(2%) for UCk, ,, NaYF,:Yb**(20%),Er**(20%) for
UCkg; 20, NaYF4:Yb**(20%),Tm**(0.1%) for UCry,, and NaYFy:
Yb**(20%),H0>"(1%) for UCy,. Their size and shape were
obtained by transmission electron microscopy (TEM). All
samples showed a hexagonal prism shape with comparable
sizes (Fig. S2 in the ESI}). The obtained sizes were (16.3 + 1.0) x
(23.5 £ 0.9) nm for UCg;,, (14.7 + 1.0) x (22.6 + 1.1) nm for
UGk 20, (15.2 + 1.3) % (24.7 + 1.1) nm for UCry, and (21.4 + 1.0) X
(24.8 + 1.1) nm for UCy,. X-Ray diffraction (XRD) diffractograms
confirmed a p-NaYF, crystal structure (Fig. S3 in the ESIf).

2.2. UCNH preparation

Two UCNHSs were prepared by grafting rhodamine dyes, rhoda-
mine 101 and rhodamine 110, to bare-UCr,. The oleate
ligands of UCr, were removed by following a previously
described treatment with nitrosonium tetrafluoroborate.®*
After that, bare-UCr,, NPs were redispersed in N,N-dimethyl-
formamide (DMF). The functionalization with the dyes was
performed by stirring for 24 hours an aqueous solution con-
taining the dye in excess and an aliquot of the bare-UCyy, solu-
tion (mage > 5 X mycnp). The mixture was centrifugated
(12 000g, 15') and the precipitate was redispersed in water. Five
centrifugation-redispersion cycles were performed with 10 mL
of water until the supernatant did not show any absorption.
Finally, the UCr,,@dye nanohybrids were redispersed in DMF.

This journal is © The Royal Society of Chemistry 2021
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2.3. Sample preparation for NIR-LSM

This technique requires immobilization of samples, so the
influence of solvent on the luminescence dynamics (although
interesting)®® is out of the scope for this study. Therefore,
samples were prepared by spin-coating a diluted aliquot of the
UCNP or UCNH dispersion onto a 25 x 25 mm microscope
glass slides. The spin-coating process was optimized in order
to obtain reproducible and suitable time-resolved images on
the microscope. Once the solvent had evaporated, the samples
were covered with a 22 x 22 mm glass slide, the joints between
glass slides sealed, and their emission was evaluated by
microscopy. Interestingly, scanning electron microscopy (SEM)
of emissive samples showed the presence of close-lying
UCNPs, agglomerates and free UCNPs (Fig. S5 in the ESIT).

2.4. Spin coating

Samples were prepared by spin-coating (spin-coater KW-4A,
Chemat technology) at low concentrations producing a discon-
tinuous nanoparticle monolayer with a thickness of a few
nanometres. This procedure was optimized by using different
rotation speeds, solution concentrations and volumes. Finally,
100 pL of UCNP dispersion in toluene (4 mg mL™") or 100 pL
aqueous dispersions of UCNHs (1 mg mL™") were deposited
on a 25 x 25 mm microscope glass slide. Then, the spin-coater
was turned on first at 400 rpm for 3 seconds and secondly at
1500 rpm for 40 seconds. After that, the solvent was evapor-
ated, and the sample was covered with a 22 x 22 mm glass
slide (for time-resolved measurements).

2.5. NIR-LSM time-resolved photoluminescence

NIR-LSM was performed on a commercial multi-photon exci-
tation microscope (FV100MPE) comprising a BX61WI upright
microscope with motorised focus and equipped with a
XLPLN25 x WMP 1.05 NA (working distance 2 mm) full water
immersion lens. The excitation source was a Mai-Tai HP Deep
See (Spectra Physics) Ti-Sapphire pulsed tuneable laser with a
range of 690 to 1040 nm, an average power of 2.0 W (pulse
width: 100 fs; frequency: 80 MHz; peak power (800 nm):
>266 kW) controlled by an acousto-optic modulator (AOM).
The emission was detected via four photomultiplier tubes with
specific filter cubes covering the whole visible range: detection
channel 1 (C1), range 420-500 nm; channel 2 (C2), range
515-580 nm; channel 3 (C3), range 590-650 nm and channel 4
(C4), range 660-740 nm. Comparative measurements always
have to be performed under identical excitation conditions
(including dwell times).

A computer-controlled imaging software (FV10-ASW) was
used to select the laser excitation power and wavelength, and
also to acquire the emission images. The experimental data
were treated, either by the software or open source software
Image J,*® to obtain intensity profiles in the spatial scale and
convert them to kinetic profiles by using the Origin program.
Only the clear and non-affected tails were analysed. Under
certain conditions, even when we used diluted samples, some
of the time profiles still overlapped. This issue can be solved

This journal is © The Royal Society of Chemistry 2021
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just by changing the scan direction or by increasing the dwell
time (thereby shortening the tails), but consequently sacrifi-
cing resolution in the time scale. The estimation of spatial
resolution, lifetime window and energy density delivered per
dwell time (F,) is explained in the ESL.f

2.6. Steady-state photoluminescence

Steady-state photoluminescence spectra were recorded at room
temperature with a 2 nm slit width and 5 nm s™* speed scan
using a SML AmingoBowmann series 2 (AB2) fluorometer
(Microbeam, S.A.). The fluorometer was coupled to continuous
wave (CW) 975 nm diode laser (Thorlabs L975P1W]J) as exci-
tation source. Irradiance (I) of the laser was obtained by
measuring the output power, with a thermal power meter
(S470C ThorLabs), and the beam profile (D46M and D4om
definitions), with a camera (SP920s Ophir). The AB2 software
(v. 5.5) was used to register the data. All data were acquired
using triangular quartz cuvettes under air atmosphere.

3. Results and discussion

3.1. Evaluation of the empirical photoluminescence lifetime
of UCNPs by using NIR-LSM

Full characterization of nanosystems requires interpretation
and understanding of their photophysical mechanisms and is
necessary for an optimal design of nanomaterials containing
UCNPs for further applications.>”® In this way, the emission
properties and lifetimes of UCNPs here obtained are a funda-
mental source of information.

Fig. 1(a)-(c) shows the scheme usually used to explain the
production of the typical emissions of Er’*, Ho®*, and Tm?'-
doped UCNPs with Yb®* as the sensitizer. Giving rise to the
characteristic emission features (Fig. 1(d)—(f)).

The energy of photons absorbed by Yb* ions is transferred
to the Er’" excited states which, eventually, leads to the *S;, —
My55 (ca. 550 nm), *Hyyp, Sz = *Lisp (ca. 520 nm), and *Foy,
— %5, (670 nm) emissive transitions (Fig. 1(a) and (d)).
Similarly, the emission of NaYF,:Yb*",Ho®" UCNPs involves the
transfer of two photons from Yb®" to Ho®" (Fig. 1(b)). The red
emission was attributed to the transition from °F5 to °I;. Two
processes may contribute to populating the °Fj state; the first
involves the intermediary level °I of Ho®" relaxing to °I, by
nonradiative transition and then populating the °F; state by
absorbing another photon via excited state absorption (ESA).
The second involves a nonradiative relaxation process from the
3S,/°F, state to the °F5 state.® It has been suggested that the
green emission (from °F, and °S,) is likely to be populated at a
much faster rate than the red one due to the direct two-step
energy transfer from Yb*".® As a result, the relaxation from the
excited states of Ho*" (S,/°F, — °Ig and the °F5; — °Ig) results
in green (ca. 545 nm) and red (ca. 670 nm) emissions,
respectively.®®

The emission of UCyy, is more complex than the others and
involves more than two photons due to the discrete and
ladder-like arrangement of Tm>" excited states (Fig. 1(c)).*°

Nanoscale, 2021,13,10067-10080 | 10069
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Fig. 1 Analysis of the UCNP emissive properties. (a—c) Energy transfer processes involved in the emission of UCg, (a), UC,, (b) and UC+, (c). (d—f)
Luminescence emission spectra of colloidal UCNPs (1 mg mL™) in toluene (d) UCk,,, (e) UCho and (f) UCT, (fexe = 975 nm; | = 93 W cm™3). The
colored columns indicate the detection channel range (C1, blue: 420-500 nm; C2, green: 515-580 nm) which was used to register the corres-
ponding (g—i) NIR-LSM images (lexc = 975 nm and F4 = 0.2 J cm~2). Scale bar: 50 um.

Emissions in the UV (362 nm, 'D, — *Hg), visible (450, 475 y
644 nm, 'D, — °F,, 'G, — *H,, and 'G, — °F,, respectively)
and NIR (800 nm, *H; — °*Hg) regions were observed.*'
Mechanistic studies have proved that the transition 'G, — *Hg
(475 nm) is due to a three-photon absorption process, whereas
the transition 'D, — °F, (450 nm) corresponds to a four-
photon process.*"

The spectral and time-resolved upconversion measure-
ments are usually performed on specifically designed equip-
ment (such as FluoTime 300®, Picoquant, Fluorolog-3,
FLS-1000) or on adapted conventional fluorometers equipped

10070 | Nanoscale, 2021, 13, 10067-10080

with a cheap NIR-LED (CW) as the excitation source, coupled
to a triggering system (e.g. a chopper) to pulse the pump
signal.®® In both systems, the spectral resolution is achieved
with a monochromator and the time resolution is determined
by the detector response and the frequency and pulse width of
the laser. This equipment allows for the macroscopic measure-
ment of solid, liquid and film samples. Consequently, the
sample response, although robust, is a macroscopic average of
the entire excited sample. Therefore, it cannot be attributed to
the signal of every NP unless other characterization techniques
(such as TEM, HRTEM, DLS, EDX, ICP, etc.) demonstrate the

This journal is © The Royal Society of Chemistry 2021
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homogeneity in size and dopant concentrations in the micro-/
nano-meter scale.

By contrast, the time-resolved NIR-LSM approach to obtain
the lifetimes was implemented in a commercial multi-photon
microscope (MPM; FV1000-MPE), equipped with a femtose-
cond Ti-Sapphire laser, as excitation source, and a filtered
photomultiplier detection system. It is worth mentioning that
inexpensive, low-power laser diodes can also excite UCNPs in
NIR-LSM systems,*>** so logically, a NIR-LS microscope would
also measure the emissive spectrum by just coupling a spectral
detection system.

To show the temporal resolution versatility of NIR-LSM, the
most emissive channels of UCg;,, UCgy 20, UCrm, and UCy,
were monitored after 975 nm excitation (Fig. 1(g)-(i) and
Fig. S6 in the ESIf) with a multiphoton excitation imaging
microscope by means of 25 x 1.05 N.A. Olympus dipping lens.
An emission filter between 515 and 580 nm (channel 2) and a
dwell time of 2 ps per pixel were used for UCg; ,, UCg; 0 and
UCho, Whereas an emission filter between 420 and 500 nm
(channel 1) and a dwell time of 4 ps per pixel were used for
UCryy, (Fig. 1(d)—(f)).

It is common knowledge that nanoparticles with long life-
times are a drawback for imaging when using scanning
microscopy techniques.?>*** Fig. 1(g)-(i) shows images from
sets of close-lying UCNPs and agglomerates; the clear tail in
the fast-scan direction can be attributed to the detection of the
off-axis emission once the laser beam has passed over an
agglomerate in the x direction; this results in a loss of spatial
resolution. This could be avoided by using a small pinhole in
front of the detection system,'® or by using time-gated
microscopy or long dwell times. However, we have previously

View Article Online
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demonstrated how this drawback is, in fact, advantageous for
obtaining information about the evolution of the UCNP emis-
sion over time.?%3>%¢

The time-resolved NIR-LSM principle can be clearly
explained by imaging an agglomerate of UCr,,@Rh110 at 4 ps
per pixel dwell time. The image of Fig. 2(a) is a composite of
two images of the same region under 975 nm excitation in two
different detection channels. The 475 nm - UCy, emission
registered in C1 (420-500 nm) was artificially coloured in cyan
blue. The emission of the dye attached to the UCNP surface
produced via a two-photon excitation and collected in C2
(515-580 nm) was coloured in green. The excitation of the dye
reveals information on the spatial location of the agglomerate
and, therefore, indicates where the UCNP excitation is taking
place (red profile in Fig. 2(c) and (d)). Consequently, excitation
consists of a train of laser pulses (bursts) determined by laser
repetition rate, the laser energy per pulse, the scanning rate
(dwell time) and the length of the agglomerate (if longer than
the pixel size). Even if the laser kept on shooting after the
agglomerate, no species would be able to absorb it. Therefore,
the rise and decay of the thulium off-axis emission of the pre-
vious close-lying nanoparticles/agglomerates would be
observed; i.e. the detector would still be collecting the sample
response since there was no pinhole (grey profile in Fig. 2(c)).
Pixels right after the set of close-lying nanoparticles/agglomer-
ates are acting as a consecutive “time gate” (temporal width
equal to the dwell time) detection system (Fig. 2(c) inset). As a
result, the kinetic profiles of the emission could be registered
(Fig. 2(d)).

Therefore, these images have to be understood as time-
resolved data in the x-axis and not as conventional fluo-
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Fig. 2 Scheme and visual representation of the time-resolved principle of NIR-LSM. (a) NIR-LSM scheme. (b) Composite image of image of the
UCNP emission (blue, detection channel 1) and Rh110 two-photonic excitation emission (green, detection channel 2) at 975 nm excitation and 4 ps
per pixel dwell time of the same agglomerate of UCr,,@Rh110 UCNH (Fq = 10.4 J cm~2). Scale bar 20 pm. (c) Intensity profiles and (d) kinetic profiles

obtained from image (a).
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rescence images. After the “charging period” (excitation) of an
agglomerate, when the beam has gone to other pixels, the
system keeps the emission intensity value acquired at every
dwell time (for example 2 ps) in different pixels. These pixels
act as a storage site, which makes signal temporal contami-
nation between pixels unfeasible in the x direction. Thus, the
resolution limit affects the minimum excitation area (spot
size) but not the temporal resolution. As expected, when
increasing the dwell-time (i.e. decreasing the scanning speed)
the UCL tail shortened (Fig. 3(a)) and the peak maximum
shifted to a shorter x-axis value (Fig. 3(b)).

A luminescence decay curve was easily obtained from the
intensity profiles in the scan direction by transforming the
spatial scale (um) into a time scale (ps) using the dwell time
value and the pixel length (Fig. 3(c)). Fig. 3(d) illustrates the
kinetic profiles obtained from the tails registered at different
dwell times (Fig. 3(a)). All decay kinetics showed a similar
behaviour, thus corroborating that the emissive tails can cer-
tainly be ascribed to the intrinsic UCL agglomerate.

The UCL kinetic profiles of the different co-doped UCNPs
after NIR light excitation showed the characteristic slow rise
followed by a long decay (Fig. 4).

However, while the rise times were found to be very sensible
to the focus position between images and minimum changes
produced a great divergence of values, the decay fitting values
remained almost unaltered. Therefore, NIR-LSM can be used
to obtain the decay lifetime of the UCL emissions as well as to
compare the kinetic profiles of different UCNPs.

(a)
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The UCL decay lifetimes of the UCNPs herein reported were
estimated by fitting the temporal evolution of the UCNP emis-
sion to a mono-exponential equation (Fig. S7 and Table S2 in
the ESIf). As expected, UCg, .o displayed a shorter lifetime
when compared to UCk,, (ca. 22 ps versus 68 ps, respectively),
because of the luminescence concentration quenching effect.
The longest lifetimes corresponded to Tm-doped UCNPs, fol-
lowed by Ho-doped UCNPs (ca. 220 ps) and Er-doped UCNPs.
These results are in agreement with previous studies."”™?

Equally important, this novel application of a NIR-LS micro-
scope can also be applied to UCNP-based nanohybrids, e.g.
nanoassemblies of UCNPs and other luminescent NPs or
chromophores.?* > Nanohybrids can be designed to lengthen
the photoluminescence of a nearby acceptor (photoactive NPs,
organic fluorophores) via resonant energy transfer (RET) from
the UCNPs, which is of interest in (bio)sensing, photodynamic
therapy, and bioimaging applications, and photonics.>™*?
Previous studies performed by our group have demonstrated
that when the RET process is highly efficient, only dots
(instead of tails) are observed upon 975 nm excitation of the
UCNHs due to a drastic quenching of the lifetime of the
UCNPs.?® On the other hand, for moderately efficient RET, a
shortening of the tail of the upconversion emission, together
with a lengthening in the fluorophore lifetime, can be
observed.*

Here, as an example to illustrate the visualization of a res-
onant energy transfer process by using this technique, an
UCNH consisting of rhodamine 110 (Rh110) grafted onto

(b) .
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Fig. 3 Analysis of the photoluminescence kinetic profile of UC+,, agglomerate. (a) Images of the same UCt,, agglomerate obtained at different
dwell times in channel 1 (C1: 420—-500 NM; Adexc = 975 Nm; F4 = 5.2—-32.6 J cm™2). Scale bar 50 pum. (b) Intensity profiles obtained from readings in (a).
(c) Thermal colored image and the intensity profile as a function of time of an UCr,, agglomerate (10 ps per pixel; Fq = 26.0 J cm~2). (d) The decay
profile as a function of time of the UC+,,, agglomerate obtained at different dwell times.
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Fig. 4 Kinetic profiles of the emission in channel 2 (C2: 515-580 nm)
of (a) UCg,,,, (b) UCh,, and in channel 1 (C1: 420-500 nm) of (c) UCt,
(Zexc = 975 nm; Fy = 0.2 3 cm™2).

UCty, was built. Rh110 absorption overlaps with the 475 nm
emission band of UCyy, (Fig. 5a). The presence of the dye in
the UCNH was confirmed by UV-vis absorption spectroscopy
(Fig. S4 in the ESIT). Consequently, RET from the UCNP to
Rh110 was expected under 975 nm excitation. Moreover,
Rh110 can be excited by two-photons at 975 nm. Therefore,
two different events were expected: on the one hand, the fast-
ordinary emission of the dye due to two-photon absorption,
and on the other, a long-lived emission of Rh110 reflecting the
long-lived UCyy, transition involved in the RET. This dual
emission was corroborated by following the emission of the
UCp,,@Rh110 in detection channel 2 (C2: 515-580 nm,
Fig. 5(a)). The image (Fig. 5(b)) and the intensity profile
(Fig. 5(c)) obtained showed the two-regime behaviour expected
of the dye emission. Firstly, there was an instant emission
which is observed as a dot, and right after the dot, there was a
characteristic lengthened emission tail (C2 in Fig. 5(b)), whose
rise and decay could be followed in C2 in Fig. 5(c).** These
results proved that it was possible to easily distinguish the
direct emission of the dye separated from that of the sensitized
emission of the dye whenever the RET efficiency was not very
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Fig. 5 Resonance energy transfer recorded by NIR-LSM. (a) Absorption
(dotted red line) and emission (red line) spectra of Rh110 in aqueous
solution, emission spectrum of 2.0 mg mL™ aqueous dispersion of
UCt,, (black line), and the detection ranges in channel 1 (C1:
420-500 nm, blue column) and channel 2 (C2: 515-580 nm, green
column). (b) Detail of the NIR-LSM image obtained by exciting
UCt»@Rh110 at 975 nm and 8 ps per pixel dwell time (F4 = 20.8 J cm™?);
scale bar: 50 pm; the complete image is shown in Fig. S8.7 (c) Intensity
profiles of the signals obtained in channel 1 (520 V, blue) and channel 2
(600 V, green).

high. Moreover, this strategy made feasible to differentiate
signals from the UCNP and dye in UCNHs. However, a limit-
ation of NIR-LSM is that, in general, the decay times of the
UCL cannot be used to calculate energy transfer efficiencies,”
which do require the actual knowledge of the lifetime of the
donor emitting state. In certain cases, for example, energy
transfer to an acceptor will not even affect the time profile of
the emission of the donor state. This is because only one
lanthanide emission is quenched, but the time profile remains
unchanged due to the other non-affected emission. In fact, the
energy transfer from 'G4 of Tm in the herein shown example
does affect the overall time evolution of the UC emission, but
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Fig. 6 Equal temporal behavior of several agglomerates of UCt,,@Rh110. NIR-LSM images of the same region of UCt,,@Rh110 sample under
975 nm excitation (F4 = 0.9 J cm™2) in (a) channel 1 (C1: 420—-500 nm; 560 V) and (b) channel 2 (C2: 515-580 nm; 635 V). Time-resolved normalized
intensity profiles of numbered agglomerates in (c) channel 1 and (d) channel 2. Scale bar: 50 pm.

it is unlikely that the changes in the 'G; decay constant can
easily be inferred from the UC emission. Despite that, the
lengthening of the fast, intrinsic lifetime of the acceptor
species is valid evidence that energy transfer has occurred.§
Time-resolved NIR-LSM provided temporal information on
the micrometre scale by scanning a 508.4 x 508.4 um” area of
the microscope slide prepared by using a diluted sample (0.5 x
0.5 pm” pixel size). The signal can originate from (i) a set of
close-lying nanoparticles; (ii) an assemblage of nanoparticles
(agglomerate) (Fig. S5 in the ESIf). It has to be taken into
account that the formation of agglomerates is usually un-
avoidable when a colloid droplet, composed of nanoparticles,
is deposited on a substrate and then dried; this occurs even if
the initial solution is stable.>® The UCNP/UCNH colloids
consist of nanoparticles with a narrow distribution of sizes as
shown by the SEM images of the colloid. Although the photo-
luminescence intensity registered by NIR-LSM depends on the
number of nanoparticles in an agglomerate, the kinetic profile
reflects the degree of homogeneity in the response of its photo-

§ Clarification made by one of the referees of this paper.
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luminescence. Furthermore, this can be corroborated by ana-
lysing different agglomerates. Fig. 6 shows the similar tem-
poral behaviour in channel 1 and channel 2 of different-sized
micrometric agglomerates of UCt,,@Rh110.

3.2. Evaluation of the homogeneity/colocalization of the
UCNHSs

Colocalization is the analysis of the distribution of signals in
fluorescence microscopy. It involves two components: co-
occurrence, which is the spatial overlap of two probes, and cor-
relation, which is the proportional intensity co-distribution of
both species.’»®®> Encouraged by the developments in
microscopy image analysis over the last 20 years,>*>%>’
were interested in applying this knowledge to evaluate the
homogeneity of UCNH samples. Several coefficients have been
described to quantify colocalization as well as significance
testing approaches. In this way, the most commonly used
coefficients are the Pearson’s correlation coefficient (PCC),
which quantifies exclusively the correlation of two probes, and
the Mander’s Colocalization Coefficients (MCCs), which funda-
mentally measures co-occurrence independently of signal pro-
portionality.”® However, other coefficients and approaches

we
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have also been described (Li, Van Steensel, Spearman,
Lachmanovich, Boutté, Jaskolski).’® Different strategies have
been proposed to test the statistical significance of colocaliza-
tion measurements for a single experimental group. The most
appropriate methods are the scrambling of Costes’ approach
and the frame translation approach, since both are based on a
comparison between the image of studying and a large
number of random rearrangements.>**®>° Nevertheless, the
frame translation approach was found to yield more accurate
random probability distributions.>® Therefore, PCC and MCCs
were calculated to evaluate the homogeneity of the samples
and the frame-translation approach was applied to test the
statistical significance of the coefficients calculated.

The NIR-LSM can be helpful for colocalization by making
use of the femtosecond laser wavelength tunability from 690
to 1040 nm and the selective multichannel detection. Yb**
absorption has a maximum at around 975 nm which
diminishes drastically when the wavelength is tuned to higher
energies. Therefore, the UCNP excitation is only possible in a
narrow wavelength range at around 975 nm. In contrast, dyes
can be excited by two-photons in a wider range, which allows
us to excite them at a wavelength different from that of the
UCNP (containing Yb*"). As a result, we conceived that the
homogeneity of samples could be evaluated by comparing two
images of the same region: one exciting UCNPs and the other
exciting the fluorophore anchored to the UCNP. To show
this versatility, the study was developed with two UCNHs con-
sisting of UCry, and two rhodamine dyes (UCr,@Rh101 and
UCry@Rh110). Two dyes (Rh101 or Rh110) with different
photophysical properties were used in order to show the flexi-
bility of this instrument. The UCNHs were deposited onto the
microscope slide and the images were collected after exciting
the UCry, and the dye (either Rh101 or Rh110). It should be
taken into account that images from the UCNP acquired at
short dwell times are not suitable for colocalization analysis
because the emission tail does not provide the definition of
the UCNP agglomerate (Fig. S9 in the ESIt). Otherwise, the cor-
relation and co-occurrence would be overestimated. Instead, a
much more appropriate image for colocalization was obtained
when the dwell time was set to 100 ps (Fig. 7(c) and (d)),
although it was time-consuming, and the UCNP still exhibited
some blurriness which increased its emission area compared
to the dye emission area (Fig. S12 in the ESIf). However, well-
defined dots were observed independently of the dwell time
used when Rh101 and Rh110 were excited by two-photons
(Fig. 7(e) and (f)). This is consistent with the nanosecond life-
time of the dye fluorescence, which is three orders of magni-
tude faster than the expected time resolution reached with this
technique. Remarkably, the overlap of the images registered in
the same channel obtained after exciting the UCNP (at
975 nm) and the fluorophore (at 1030 and 1020 nm for Rh101
and Rh110, respectively) provided a spatial sense of colocaliza-
tion (Fig. 7(g) and (h)).

In order to quantify this visual colocalization, PCC and
MCCs were calculated. In this way, the PCC values obtained
show a reasonably good significant correlation (0.517 and
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0.651 for UCr,@Rh101 and UCr,@Rh110, respectively).
Usually in fluorescence imaging analysis, it is possible to cal-
culate the ratio or stoichiometry of the probes, however this is
not so trivial when comparing the emission of inorganic nano-
particles and dyes. To further demonstrate the sample hom-
ogeneity, although correlation inferred an important overlap,
it was not as intuitive as co-occurrence which indicates the
degree of overlap between the studied species. In this way,
MCC significant values obtained for dyes (M2) reached 0.9-1.0
(0.888 and 0.986 for UCt,,@Rh101 and UCr,,@Rh110, respect-
ively) indicating that approx. 90% of the dye signal co-occurred
or overlapped with that of UCNP signals. This was a relevant
result that clearly proved that the distribution of the dye on
the microscope slide, and therefore of the UCNH samples, was
due to a real interaction and not to a random distribution.
Otherwise, the dye would have been distributed randomly on
the microscope slide. In contrast, the co-occurrence fraction of
UCNP emission with the dye signal (M1) was found to be
between 0.4-0.5 (0.438 and 0.477 for UCr,@Rh101 and
UCp,,@Rh110, respectively), because M1 reflects that the area
of each UCNH agglomerate in the image is higher when excit-
ing UCNPs than when exciting the dye (Fig. S12 in the ESIY).
Therefore, M1 seems to be useless for describing the UCNH
sample homogeneity, unless a confocal technique is used to
define the upconversion emission of the UCNH agglomerate
(by adding a pinhole).*®

All in all, we have demonstrated that PCC and MCC values
can be a complementary source of information about the colo-
calization and the co-occurrence of the dye and the UCNP
(M2). Note that a conventional spectrofluorometer gives an
average signal, which cannot be attributed to the homogeneity
of the sample.

4. Time-resolved luminescence
spectroscopy and imaging techniques

A brief temporal resolution comparison between NIR-LSM and
spectroscopic and imaging techniques is discussed in this
section.

4.1. Time-resolved spectroscopy techniques

Spectroscopic temporal resolution is usually achieved by using
two different time-domain techniques: time-correlated single
photon counting (TCSPC) and multi-channel scaling (MCS).
Both are single photon counting techniques which require
pulsed excitation sources and measure the arrival time of the
photon at the detector. In the case of TCSPC, the delay time of
START(excitation)-STOP(emission) pulses of multiple photons
(millions) is measured to create a histogram of the lumine-
scence decay profile, while the MCS works in a similar way to
an oscilloscope by dividing the temporal window into small
time gates (bins) and detects single photons reaching the
detector gate-by-gate consecutively. TCSPC can measure life-
times from ps to hundreds of ns efficiently and, although it
could also determine long luminescence lifetimes, MCS is pre-
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Fig. 7 Colocalization analysis of the nanohybrids monitored with NIR-LSM. Spectral properties of (a) UCt,,@Rh101 and (b) UC+,,@Rh110 showing
the absorption (dotted red line) and the emission (red line) of the dye in aqueous solution, as well as the emission of a 2.0 mg mL™* aqueous dis-
persion of UCt,, (black line), the wavelength used for the two-photon excitation (red arrows) and the detection channels (colored columns).
Microscope images of the UCt,,@Rh101 sample excited at (c) 975 nm (F4 = 218.5 J cm™2), (e) 1030 nm (F4 = 27.5 J cm™2), and (g) the combination of
both images. Microscope images of the UCt,,@Rh110 sample excited at (d) 975 nm (F4 = 260.5 J cm™2), (f) 1020 nm (Fq = 4.4 J cm™2), and (h) the
combination of both images. Scale bar 50 pm.
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ferred to determine in the ns to ms timescale because of its
versatility and fast acquisition. In both cases, the kinetic
fitting is obtained by using an iterative deconvolution tech-
nique taking into account the time response of the instru-
ment, usually termed instrument response function (IRF).*°
However, when the emitter lifetime is far longer than the IRF,
the deconvolution has a minimum effect on the recorded life-
time and is irrelevant.

Similar to MCS, NIR-LSM acts as a consecutive time-gate in
which the photons are collected in every pixel (Fig. 2(b)). It
also presents a similar emitter lifetime resolution range, which
is estimated to be from 2 ps (2 ps per pixel and assuming that
10 points, ie. pixels, are needed to describe a one-decay
profile) to 80 ms (200 ps per pixel, 4096 pixel line, assuming a
one-decay profile); and it is only limited to the dwell time of
the galvo-scanning unit of MPM. In our equipment the
minimum dwell time is 2 ps per pixel and the maximum is
200 ps per pixel.

Spectroscopic techniques can be implemented in solid,
liquid or films samples and register an average signal of the
entire excited sample in a user-friendly fast way which only
require the selection of appropriate excitation and detection
conditions. In the case of organic photoactive compounds, the
fact that the signal collected is an average of the excited
sample is not relevant, while this is of paramount for nano-
particles. Nanoparticles emissive response may change drasti-
cally because of the sample size polydispersity or heterogenous
doping between nanoparticles. So, spectroscopic measure-
ments may reflect or neglect the lifetime of the longest-lived
species and/or reveal the heterogeneity of the sample as a
multi-exponential decay. As a consequence, the kinetics
obtained in a spectrometer can only be attributed to the nano-
material if other techniques corroborate the sample homogen-
eity in the nanoscale.

In contrast, NIR-LSM can record the luminescence of a
microspace of the batch sample, which reflects more accu-
rately the nano/micro-metric response of the UCNPs and
UCNHs than a spectrometer. Genuinely, it is a micro-
spectroscopy technique. Another important feature of this
technique is that it enables an at-a-glance check of the lifetime
or functionalization homogeneity of the sample by recording
several images in different parts of the scanning area.
However, it is not exempt of some drawbacks. The major one
relies on the representativeness of the measurement. The
sample observed in the NIR-LS microscope was prepared by
spin-coating a very diluted microliter aliquot of the sample on
a microscope slide, so how representative is the response
observed in that slide? Representativeness is a common issue
in all microscopy techniques (light and electron-based), and it
can only be addressed in terms of repeatability and combi-
nation with other techniques. Therefore, NIR-LSM measure-
ments are dependent on other characterization techniques in
the same way that the macroscopic conventional measurement
is. Moreover, the measurements can only be implemented in
discontinuous few-layered 2D samples, where the solvent
effect in the photophysical properties of the UCNPs cannot be
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studied (it is necessary to fix the sample). For the same reason,
although preparing the sample was not difficult and just
involved a few initial optimization steps, it required more time
than a conventional lifetime measurement. Undoubtedly, the
data processing was also time-consuming, but it could be
automatized.

4.2. Time-resolved microscopy techniques

In microscopy, temporal resolution has also played an impor-
tant role not only for imaging but also for material characteriz-
ation. Note that, while intensity-based microscopy imaging is
limited due to excitation source stability, autofluorescence
background and emission overlapping; the lifetime-based
microscopy is less sensitive to interferences since the contrast
in the image is based on the lifetime. This makes time-
resolved microscopy a unique powerful imaging technique. In
this way, many different techniques have been proposed, such
as fluorescence lifetime imaging (FLIM), phosphorescence/
photoluminescence lifetime imaging (PLIM) and time-gated
emission imaging microscopy, (TGM) among others. Detection
of these techniques are frequency-domain-based and time-
domain-based methods, such as TCSPC and time-gated detec-
tion. These detection methods can be implemented in wide-
field microscopes (WF), confocal microscopes (CM, laser scan-
ning and disk-scanning) or multi-photon excitation micro-
scopes (MPM).®*

Frequency domain methods measure the phase-shift and
demodulation of the emission in respect of the excitation
light, and they are related to the luminescence lifetime of the
emitter. TCSPC technique works in the same way as for spec-
troscopy measurement, and time-gated detection uses one or
more time channels (time gates) with a different time-offset
with respect to the excitation pulse through mechanical chop-
pers. In these time channels, photons can be detected by
single photon counting or analog detection methods.®" These
methodologies have been applied to lifetime measurements
from short (ns) to long luminescence (ps-ms) lifetimes. In this
way, FLIM and PLIM techniques register the whole emission
decay within a pixel, during dwell time. In the FLIM case the
maximum emission lifetime that can be acquired is above few
ps. Therefore, it is not appropriate to analyse UCNPs. However,
PLIM has a time scale that arrives up to 1 ms. This fact opens
the possibility of characterizing UCNPs, but with huge dwell
times that produce very long acquisition times.

Other approaches have been proposed to image the challen-
ging long-lifetimes emitters in WF, CM and MP microscopes,
by making use of either frequency-domain or time-domain
detection techniques, and have been extensively reviewed by
Zhang et al.>* and Baggaley et al.°® In general, long time kine-
tics require a low repetition rate excitation source (or a train
pulses) followed by a sensitive detection with a long-temporal
window to observe the decay emission between laser pulses (or
train pulses).

In terms of comparison with the NIR-LSM here overviewed,
we mainly focussed on the time-domain methodologies
applied to MPM. Two approaches are used to circumvent the
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incompatibility between the high frequency laser source of
MPM (80 MHz for Ti-Sapphire laser), and the long-lived emit-
ters: (i) to reduce the repetition rate of the laser or (ii) to excite
with a train of laser pulses followed by a detection time
without laser excitation within the pixel dwell time.®* The first
approach can be implemented by running the laser in a cavity
dumped mode, which reduces the repetition rate but increases
the energy per pulse. The second one needs a mechanical
chopper® or an (electro/acousto-) optical modulator (EOM or
AOM)®*®® and the detection can be performed by TCSPC or by
time gating. The second approach seems to be much more
interesting for phosphors to avoid possible thermal or satur-
ation effects, due to the high peak energy density, or the appa-
rition of Moiré patterns (interference pattern) in the image
and has enabled simultaneous fluorescence and phosphor-
escence imaging and oxygen and blood flow imaging.®*®*°
Remarkably two complementary works have been proposed to
adapt a conventional CM: pinhole shifting lifetime imaging
(PSLIM)®® and temporal sampling lifetime imaging (TSLIM).®”
In PSLIM approach different emission times are recorded by a
pinhole shift which enables the detection of emissions longer
than the dwell time. This fact makes impossible a continuous
acquisition of the emission decay, limiting the number of
experimental points obtained and generating a lack of pre-
cision in the decay curve determination.

In sharp contrast, in TSLIM the emission curve decay is
obtained by a single spot excitation, using the single spot
bleaching option in the confocal, and then intensity kinetic
profile is measured in a pixel. This technique can give tem-
poral resolutions of few ps. Otherwise, the main drawback
relies in the time-consuming spot by spot acquisition.
Although this problem can be partially overcome using a detec-
tion line scanning confocal, analysing a row simultaneously.

All in all, although several approaches have been proposed
for imaging (their aim), the acquisition time is usually the
main drawback, since it is limited at least to 10x emitter life-
time (optimum temporal window to clearly show the decay
profile) temporal units per pixel.

Similar to PSLIM technique, NIR-LSM is based on the
detection of the off-axis emission. However, in this case, we do
want to image the long tail of the long-lived upconversion
emission.

Contrary to microscope imaging, NIR-LSM is a spectro-
scopic characterization technique in the microscale, in which
the temporal resolution was not achieved by a time-domain or
frequency-domain methodology but by scanning a microscopic
area without a pinhole at a scanning rate faster than the
luminescence lifetime of the emitter. As a result, the spatial
resolution and acquisition times are not limiting factors but
the detection of the off-axis emission fits in the scanning line.
Interestingly, images in NIR-LSM can be obtained in a few
seconds (from approx. 2 s at 2 ps dwell time and approx. 20 s
at 200 ps dwell time for a 1024 x 1024 image), in contrast to
imaging time-domain techniques for long-lived emitters. Even
frequency-domain techniques require longer acquisition
times, since it is necessary to register sets of images.®”

10078 | Nanoscale, 2021, 13, 10067-10080

View Article Online

Nanoscale

Moreover, for NIR-LSM spectroscopy, the MPM does not require
any modification or technical knowledge of electronics.

However, NIR-LSM strength is at the same time its weak-
ness. Despite of being extremely useful for discontinuous few-
layered 2D samples of long-lived UCNPs and UCNHSs, NIR-LSM
techniques suffer from poor lateral and axial resolution as
compared to imaging ones and they cannot be used to image
3D specimens or to obtain the kinetics of 3D samples, so these
parameters are out of the scope of the NIR-LSM.

5. Conclusions

Lifetime measurements of colloidal or solid nanoparticles are
usually obtained with spectrofluorometers which measure the
macroscopic average response of the sample; however, this
does not mean that the sample is homogeneous. Nevertheless,
the NIR-LSM response of upconversion nanoparticles is associ-
ated with close-lying nanoparticles or agglomerates, therefore
it allows direct measurement on the micro-/nano-meter scale.
Time-resolved microscope techniques, such as FLIM/PLIM, are
based on TCSPC/MCS methodologies and, as imaging is their
aim, usually require long measurement times, especially for
luminescent ps-lifetime species.

Our strategy consisted in rework the spatial-resolved image
into a time-resolved spectrum by converting each value of dis-
tance (pm) into a value of time (ps), using the applied dwell
time and the pixel size. The measurement time was short
because imaging was not our aim, but undoubtedly, the data
processing and analysis were more time-consuming. The strat-
egy is limited to the scanning speed of the sample, conse-
quently only the scanning speed limits its UCL lifetime (not
the risetime); few ps to tens of ms can be measured because
the minimum dwell time is 2 ps per pixel. In any case, the
NIR-LSM technique showed the lengthening of the acceptor
lifetime, indicating a RET mechanism.

NIR-LSM has also been revealed as a useful technique for
evaluating the homogeneity of the sample by measuring the
temporal behaviour of close-lying nanoparticles/agglomerates,
as well as of the homogeneity in the UCNP functionalization
of the UCNP-based nanohybrids, which could be also applied
to other long-lived emitters. The homogeneity of the UCNP
functionalization was evaluated in terms of colocalization of
two different dyes on the UCNP surface, thereby demonstrating
that the dyes were in the vast majority of the close-lying nano-
particles/agglomerates. Indeed, faster and more reliable co-
occurrence results (M1, especially, and M2) would have been
obtained if the microscope had confocal capabilities (pinhole)
when exciting the UCNP. However, including a pinhole would
prevent detecting the emission tails. In the case of UCNP, to
fully characterize these nanosystems photophysically at the
microscale the MPM would need a NIR detector, to detect the
1 pm Yb®* emission; an aperture-controlled pinhole system,
to perform more accurate colocalization studies; and a
spectral resolution system (e.g. monochromator), instead of
filter cubes.

This journal is © The Royal Society of Chemistry 2021
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All in all, these results prove that NIR-LSM is more than an
imaging technique. Furthermore, it is a source of lifetime and
functionalization information on the micro-/nano-meter scale
for UCNP characterization, which together with the develop-
ments made with UCNP and NIR-LSM (subdiffraction imaging,
power dependence of the emission and spectral information
on the micro-/nano-meter scale) opens up new possibilities to
researchers in this field.
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