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ABSTRACT

High-contrast optical imaging is achievable using phosphorescent labels to suppress the short-lived background due to the optical backscatter
and autofluorescence. However, the long-lived phosphorescence is generally incompatible with high-speed laser-scanning imaging modalities.
Here, we show that upconversion nanoparticles of structure NaYF.:Yb co-doped with 8% Tm (8T-UCNP) in combination with a commercial
laser-scanning multiphoton microscopy are uniquely suited for labeling biological systems to acquire high-resolution images with the enhanced
contrast. In comparison with many phosphorescent labels, the 8T-UCNP emission lifetime of ~ 15 ys affords rapid image acquisition. The
high-order optical nonlinearity of the 8T-UCNP (n = 4, as confirmed experimentally and theoretically) afforded pushing the resolution limit
attainable with UCNPs to the diffraction-limit. The contrast enhancement was achieved by suppressing the background using (i) bandpass
spectral filtering of the narrow emission peak of 8T-UCNP at 455-nm, and (ii) time-gating implemented with a time-correlated single-photon
counting system that demonstrated the contrast enhancement of > 2.5-fold of polyethyleneimine-coated 8T-UCNPs taken up by human
breast adenocarcinoma cells SK-BR-3. As a result, discrete 8T-UCNP nanoparticles became clearly observable in the freshly excised spleen
tissue of laboratory mice 15-min post intravenous injection of an 8T-UCNP solution. The demonstrated approach paves the way for
high-contrast, high-resolution, and high-speed multiphoton microscopy in challenging environments of intense autofluorescence, exogenous
staining, and turbidity, as typically occur in intravital imaging.
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where n stands for the number of absorbed photons. The UC
process stands alone, as it relies on the successive absorption of
several NIR photons via real energy levels, and typically requires much

1 Introduction

Over the past two decades, laser-scanning multiphoton microscopy

(MPM) has become a powerful tool for morphological and functional
imaging of cells, tissues, and live animals at the sub-micron
resolution [1-4]. In a typical MPM setting, the sample excitation takes
place in the near-infrared (NIR) spectral range termed biological
tissue transparency window [5] while emission is detected in the
ultraviolet (UV) [6], visible, and NIR ranges [7]. The advantages
of MPM include enhanced penetration of the NIR excitation into
biological tissues (~ 200 pum) [8], reduced autofluorescence background
limited by the scanning plane [9], and the reduced phototoxicity of
the excitation light [2].

Among a large variety of the excitation mechanisms of MPM,
two- and three-photon excited fluorescence, second and third
harmonic generation [10-13] and upconversion (UC) processes [7,
14] rely on the conversion of two or more lower-energy photons to
a high-energy photon. The signal power Pen and excitation intensity
Ix of these processes relate to each other by the following equation:

lower excitation intensities (I« ~ 10~100 W/cm?) in comparison with
Iex ~ 10° W/cm? used in the other MPM modalities. The UC process
obeys the rule expressed in Eq. (1), with n = 2 for the most cases
of two-photon processes [15] but # can reach the higher values for
the higher-order UC processes (n =~ 4 and 5) [16, 17]. Since the
five-photon UC process produces UV emission, it poses practical
limitations for biomedical imaging due to the high absorption of
the UV radiation by conventional microscope optics and high
scattering/absorption of the UV radiation by biological systems (albeit
the UV-generated phototoxicity can be beneficial for photodynamic
therapy [18]). It has been realized that the higher degree of the optical
process non-linearity results in the higher spatial resolution [19].
Therefore, the four-photon UC excitation of the emerging nanomaterial
—upconversion nanoparticles (UCNPs)—is expected to provide the
higher spatial resolution compared with that provided by the other
MPM processes typically characterized by n = 2 or 3.

Alongside the potential for the improved spatial resolution, UCNPs
have several unique properties that complement the MPM merits.
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The UCNP excitation can be realized by means of a low-cost
continuous-wave laser operating at approximately 975 nm, or by a
femtosecond (fs) laser integrated into an MPM system and tuned
to 975 nm. A fast laser-scanning microscopy illuminated with a cw
laser diode at 980 nm with a dwell time of 10 us per pixel has been
demonstrated for stimulated emission depletion imaging [20]. The
UCNP excitation in the NIR by a continuous-wave laser leads to
a negligibly small fluorescent response of the biological tissue
(autofluorescence) [21] that significantly increases the UCNP contrast
against the autofluorescence background [22]. In comparison with
widespread fluorescent organic dyes and fluorescent proteins,
UCNP is chemically inert [23] and photostable [24], and its emission
is characterized by narrow photoluminescence (PL) bands with
a significant anti-Stokes spectral shift relative to the excitation
wavelength to enable efficient and affordable spectral filtering [25].
UCNP’s mild or no cytotoxicity has been reported [26], and
polymer-coated UCNPs found biocompatible [27]. The relatively
long PL emission lifetime (7uc = 100 ps—10 ms) of UCNPs and other
phosphorescent materials [28] enables applying time-delayed PL
detection schemes to suppress the autofluorescence background
characterized by short-lived fluorescence [29]. The time-gating
schemes are conventionally and conveniently implemented in
wide-field microscopy and imaging configuration [30], with a few
notable exceptions [31]. However, the required excitation intensity for
UCNPs [32] and some phosphorescent materials [31] is not always
possible to achieve in wide-field microscopy, as it is achievable in a
laser-scanning MPM modality. Unfortunately, the employment of
UCNPs for labeling biological specimens in laser-scanning MPM
is limited due to the long tuc. The dwell time of the excitation laser
beam per pixel must be tav > Tuc (optimally, taw = 57uc) to ensure
lossless collection of the PL emission. This results in an impractically
long image acquisition time, reportedly, 30 min per image [33]. The
high scanning rate (faw < Tuc) can also lead to image blurring along
the fast scanning axis [21].

It was recently shown that tuc of the structure can be controlled
in UCNP by varying the concentration of dopant lanthanide ions,
which function as sensitizers and activators [29, 34-36].

In this paper, we demonstrate that UCNPs of structure NaYF.:Yb
heavily co-doped with 8% Tm (8T-UCNP) [16, 37] in combination
with a commercial laser-scanning multiphoton microscopy are uniquely
suited for labeling biological systems to acquire high-resolution
enhanced-contrast images. The high resolution was achieved due to
the high degree of optical nonlinearity of 8T-UCNP (n = 4) in which
the four-photon process populated the energy level 'D, of Tm,
followed by the radiative transition ("D.—Fs) at 455 nm. The contrast
enhancement was achieved by bandpass spectral filtering of the
narrow emission peak of 8T-UCNP at 455-nm. We further employed
time-correlated single photon counting synchronized with the fs-laser
excitation to suppress the background, which allowed truncation of
the acquired time window to exclude the unwanted signals from
fast-decaying autofluorescence and optical backscatter. As a result,
the long-lived emission from UCNPs becomes the main contributor
to the detected signal leading to a contrast enhancement in cells
(> 2.5-fold) as well as in animal tissues (> 3.5-fold). In comparison
with many phosphorescent labels, the 8T-UCNP emission lifetime
of ~ 15 ps affords rapid image acquisition.

2 Experimental

2.1 8T-UCNP sample preparation and characterization

UCNPs NaYF. in a hexagonal B-phase codoped with 20 mol%
Yb* and 8 mol% Tm*" were synthesized using a solvothermal
decomposition method described in detail elsewhere [36]. The
8T-UCNP surface was polymer-coated with polyethyleneimine (PEI)
to endow the nanoparticles colloidal stability in aqueous solutions.
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To modify 8T-UCNPs with PEI, nitrosonium tetrafluoroborate (NOBF4)
was used to displace oleate groups on the 8T-UCNP surface
with PEI via a ligand exchange reaction. Typically, 5-mL N,N-
dimethylformamide (DMF) solution of NOBF, (0.01 M) was mixed
with 5 mL of the 8T-UCNP cyclohexane solution (5 mg/mL), and
the solution mixture was stirred overnight at room temperature.
Then, the 8T-UCNPs were centrifuged, redispersed with DMF, and
flocculated with a toluene and cyclohexane mixture (1:1 w/w). Next,
the 8T-UCNPs were washed twice with ethanol and were dispersed
in 5 mL of ethanol. 100 mg of PEI was also dissolved in 5 mL of
ethanol and was mixed with the 8T-UCNP ethanol solution under
vigorous stirring at room temperature for 24 h. Finally, the unbound
PEI molecules were removed by centrifugation, and the nanoparticles
were washed with ethanol and twice with distilled water. Further,
8T-UCNP-PEIs were stored in distilled water.

8T-UCNP nanoparticles were characterized by transmission
electron microscopy (TEM), dynamic light scattering (DLS), and
laser Doppler velocimetry (LDV). TEM images of the prepared
samples were obtained using a Philips CM10 transmission electron
microscope operating at 100 kV. For a TEM specimen preparation,
a 5-uL drop of 8T-UCNP in cyclohexane or 8T-UCNP-PEI water
dispersion was deposited on a carbon-coated Cu grid and dried
under ambient conditions.

DLS and LDV measurements were carried out using a Zetasizer
Nano ZS (Malvern Panalytical, UK) with a 633-nm He-Ne laser
at 25 °C. DLS data sets were taken at least in five copies using a
polystyrene cuvette (Sarstedt AG & Co. KG, Germany) and analyzed
using the number distributions. LDV measurements were carried
out in a disposable folded capillary zeta-potential cell (Malvern
Panalytical, UK).

2.2 Optical measurements

The experimental setup used for the optical measurements of
8T-UCNPs is schematically shown in Fig. 1. A simplified optical-path
scheme for three image acquisition modes and PL decay acquisition
mode are also shown. Samples were excited by a mode-locked Ti:Sa
laser Chameleon Vision II (Coherent, USA) tuned to the 975-nm

Ti:Sa laser
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Figure 1 Simplified optical-path scheme for three image acquisition modes
and PL decay acquisition mode: (I) Lambda mode, (II) high-resolution mode,
(IIT) high-contrast mode, and (IV) PL decay acquisition mode. C stands for
chopper; DM1—short-pass dichroic mirror, cutoff 760 nm; SM—scanning module;
OL—objective lens; S—sample, P—pinhole, DE—dispersive element; F1—long-pass
edge filter, cutoff 846 nm; DM2—short-pass dichroic mirror, cutoff 950 nm;
F2—edge short-pass emission filter, cutoff 860 nm; DM3—long-pass dichroic
mirror, cutoff 552-nm; F3—bandpass filter, bandwidth, 446-486 nm; PMT1—
photomultiplier of NDD module; F4—edge short-pass emission filter, cutoff 831-nm;
PMT2—hybrid photodetector HPM-100-40; and M1, M2, and M3—sliver-coated
reflection mirrors.
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center wavelength with a repetition rate of 80 MHz and a pulse
duration of ~ 100 fs. Laser radiation was introduced into an Axio
Observer Z1 LSM 710 DUO NLO laser-scanning microscope (Carl
Zeiss, Germany).

Mode (I): PL spectra of a 8T-UCNP-PEI aqueous solution and
spectral images of cells and tissues labelled with 8T-UCNP-PEI were
obtained using Lambda mode. The laser radiation was coupled to
the rear port of the microscope and reflected from a dichroic beam
splitter MBS 760+ (DM1) towards the sample, passed through a
scanning module (SM), reflected from a mirror (M2) and focused
on the sample by using an oil-immersion objective lens (OL) NA
1.4 (C Plan-Apochromat 63x/1.4 Oil DIC Carl Zeiss, Germany)
with a high magnification of 63x. PL of samples was collected with
the same OL, reflected from M2, and passed through a SM, DMI,
fully opened P, and a DE in the direction of 32 PMT arrays, where it
was recorded in a wide spectral range of 425-725 nm.

Mode (II): To image 8T-UCNP-PEI-labelled samples in a high-
resolution mode, radiation from the Ti:Sa laser also passed through
the back port of the microscope, was reflected from the DM1 and
passed through a SM and long-pass edge filter (F1) (BLP01-830R,
Semrock, USA) transmitting the laser radiation. Then, instead of the
mirror used in the Lambda mode, it was reflected from a dichroic
mirror (DM2) (ZT1064rdc-sp, Chroma, USA) towards the sample.
PL was collected by the same lens, passed through DM2 and an edge
short-pass emission filter (F2) (FF01-890/SP, Semrock, USA) blocking
the laser radiation. Next, PL signal was passed through a side non-
descanned detection (NDD) port of the microscope towards a
photodetector (PMT1) by reflecting from a dichroic beam splitter
(DM3) (FF552-Di02, Semrock, USA) and passing through a bandpass
filter (F3) (FF01-466/40, Semrock, USA), with a narrow band of
446-486 nm.

Mode (11I): For imaging of 8T-UCNP-PEI-labelled samples in a
high-contrast mode, the optical path of the exciting radiation from
the laser to the sample and PL from the sample to the NDD port
was identical to that of the high-resolution mode. The NDD port was
connected to a time-correlated single photon counting (TCSPC)
system (Simple-Tau 152, Becker & Hickl GmbH, Germany) with an
edge short-pass emission filter (F4) (FF01-842/SP, Semrock, USA)
installed. A hybrid photodetector (PMT2) HPM-100-40 (Becker &
Hickl GmbH, Germany) was used for the photoelectric conversion
of PL emission ranged from 440-831 nm. The acquired signal was
processed by a SPC-150 card (Becker&Hickl GmbH, Germany)
synchronized to a laser pulse to count the arrival time of photons.

The collected time-resolved data were further analyzed with
SPCImage software (Becker & Hickl GmbH, Germany). Short-lived
and long-lived components of the fluorescence image were obtained
by integrating the measured photon histogram of each pixel over the
respective time windows.

Mode (IV): To obtain the PL decay acquisition for 8T-UCNP-PEI
particles deposited on a coverslip, the same optical path scheme
was used as for imaging 8T-UCNP-PEI in the high-contrast mode.
In this case, using SM, the laser radiation was sequentially focused to
the location of 8T-UCNP-PEI particles on the coverslip. In addition,
to record the kinetics of PL, the laser radiation was interrupted using
an optical chopper (C) MC2000B (Thorlabs, USA) synchronized with
the TCSPC system. The chopper speed was set to 1 kHz. Analysis of
the PL decay curves for 8T-UCNP-PEIs was carried out using the
SPCImage software.

The average power of the Ti:Sa laser was measured using a PM100A
power meter (ThorLabs Inc., USA) equipped with a S121C standard
photodiode power sensor (Thorlabs, USA).

2.3 High-contrast imaging of 8T-UCNP-PEIs in cells and
tissues

8T-UCNP-PEIs were incubated with human breast adenocarcinoma
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cells (SK-BR-3, no. ATCC HTB-30) to demonstrate imaging of
discrete 8T-UCNP-PEIs by using the proposed PL detection scheme
in mode (III). Initially, SK-BR-3 cells were pre-plated on 96-well
plates (BD Falcon, USA) in the amount of 1 x 10* cells per well and
cultured over 24 h in an incubator at 37 °C in an atmosphere of 5%
CO:.. To minimize or eliminate protein-corona mediated aggregation
of 8T-UCNP-PEIs, the culture medium was replaced with a colloidal
solution of 8T-UCNP-PEI-s in phosphate buffered saline (PBS) at
the concentration of 10 pg/mL and incubated in a CO-atmosphere
for 2 h. After incubation, the 8T-UCNP-PEI solution in plate wells
was replaced with a standard growth medium (DMEM) supplemented
with 10% fetal bovine serum and left overnight in the CO;-incubator.
Then, the cells were fixed by adding 4% formaldehyde. To establish
the PL signal level of a discrete 8T-UCNP-PEIL the PL intensity
distribution of individual 8T-UCNP-PEIs were acquired by the
MPM and matched to the corresponding images acquired by atomic
force microscopy (AFM), scanning probe microscope Solver Pro-M
(NT-MDT, Russia).

High-contrast images of 8T-UCNP-PEIs on tissue sections of
laboratory mice were also acquired. 200-pg/mL 8T-UCNP-PEIs
formulated in 150-uL PBS were injected into the tail vein of a Balb/c
mouse (females, 10-wk age, 18-22 g) pro-cured from the laboratory
animal nursery of the Institute of Biological Sciences, Russian Academy
of Sciences (Push-chino). The treated animals were sacrificed 15 min
post-injection by dislocation of the cervical vertebrae, and organs,
including the spleen, were harvested, tissue-sectioned and imaged
straight away, without fixation or freezing. Longitudinal sections of
the spleen were cut in the depth of the organ, and the sections were
placed on the cover slip.

All experiments with animal were approved by the Bioethics
Committee at the State University of Nizhny Novgorod. Experiments
were performed in strict accordance with Act 708n (23.08.2010) of
the National Ministry of Public Health of the Russian Federation
approving the rules of laboratory practice for the care and use of
laboratory animals and Council Directive 2010/63EU of the European
Parliament (September 22, 2010) on the protection of animals used
for scientific purposes.

2.4 Kinetic modeling of amplified stimulated emission of
8T-UCNP

To simulate the 8T-UCNP emission at 455 nm resulted from the
four-photon excitation by a 975-nm laser, we used a kinetic approach
described elsewhere [38-40]. The 455-nm emission occurs via a
transition 'D,—’F,, as shown in a simplified energy level diagram
in Fig. 2. Note that the femtosecond and continuous-wave laser
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Figure 2 Simplified energy level diagram was used in kinetic modeling of
8T-UCNP emission upon excitation by a 975-nm laser (adapted with permission
from Ref. [16], © Spring Nature 2017).
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excitations at 975 nm were equivalent provided the averaged power
is equal. We schematize the energy levels of a sensitizer Yb** as two
levels *Fy» and Fs;2 denoted as s1 and s2, respectively, and the energy
levels of an activator Tm** as five energy levels *He, *Hs/’F, *F23/°Ha,
'Gy, and 'D, denoted as el, €2, e3, e4, and e5, respectively. We
assume that the laser excitation is absorbed by the sensitizer, energy
transfer UC occurs between the sensitizer at the excited level s2 and
the activator at the el, e2, €3, and e4 levels, and cross-relaxation
occurs in the activator at both the ground el and excited e3, e4,
and e5 levels while the other non-radiative relaxation pathways are
ignored.

A system of nonlinear differential equations used in the kinetic
modeling is given as follows

dn
s2
ar wrstss — Wity — (it + oty + Gty + Culfiey )1,
dn,,
dr = N, — Clighy, — Wotty, + by, Win, + b,Won,,
+ by, Wittes + 2k 113 + kgt ey
dn,,
ar = il — Cilighey — Wity + bysWin, + bs;Wsns — kyn n,
+ k41nelne4 + 2k51neln65
dn
ed __
dr = C3lMes — CyNMey — W4ne4 + b54‘/\/51’les - k4lnelne4
dn,
Win,s + ks s (2)

dt = CNMey —

where Pyrs is the absorption rate of Yb** (Pos = dorsAesslozs/ he, where
Ao7s is the excitation wavelength 975 nm, Iy is the excitation intensity
at Aozs, 0o7s is the absorption cross-section of Yb** at Aess, h is the
Planck constant, and ¢ is the speed of light), W is intrinsic decay
rate of excited Yb*; ¢i is the UC coefficient between the excited Yb**
and Tm® on the level i; W; is the intrinsic decay rate of Tm’* of the
level i; by is the branching ratio for Tm*" decaying from the level i to

i—1
level j satisfying ijlb,.j =1; kj is the cross-relaxation coefficient

of Tm* between the levels i and j; and # is relative population of
ions on the energy level i satisfying

M1 + N2 = 1 and #e1 + Mez + Mes + Hea + Hes = 1 (3)

The initial conditions are specified as follows

1= 1,10 =0, fle1 = 1, flea = Me3 = Nes = Nes = 0 and Poys = 9 x 10* ph/s

(4)

This set of kinetic equations is solved numerically by using
Mathematica. The rate constants used in Egs. (2)-(4) are extracted
by fitting experimental data on the transient responses and the
absorption rate dependence of a PL signal at 455 nm. Then, the
parameterized model is applied to describe kinetic behavior of
8T-UCNP emission under experimental conditions.

3 Results and discussion

3.1 S8T-UCNP Characterization

As-synthesized 8T-UCNP particles were imaged by using TEM (see
Fig. 1(a)). The size distribution of this sample was found to be
monodisperse with a mean nanocrystal diameter of 21.7 + 0.2 nm,
as shown in Fig. 3(b).

Figure 3(c) presents the DLS results showing that the average
hydrodynamic size of nanoparticles after the surface-coating with
PEI was slightly increased to 25.0 + 1.5 nm due to a ~ 2-nm-thick
PEI layer, as shown in the inset of Fig. 3(c). The zeta potential of
8T-UCNP-PEIs in aqueous solution (pH 5.0) was measured to be
56.5 + 1.1 mV due the positively charged PEI layer, which improved
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colloidal stability of 8T-UCNP-PEIs. PEI surface coating is generally
known as cytotoxic. At the same time, it is superior for colloidal
stability of UCNPs and preserving their photoluminescent properties.
We addressed this trade off by applying additional polymer coating
on PEI-precoated UCNPs as reported in Ref. [41].

Figure 3(d) shows PL spectrum of 8T-UCNP-PEIs in aqueous
solution obtained in the Lambda mode. The emission spectrum was
distinct by intense peaks at 455, 480, and 514 nm corresponding to
the 'D.—°F4, 'Gs—’Hs, and 'D,—’H; transitions in Tm®, with the
455-nm peak being the most intense.

3.2 Modeling results and comparison with experimental
data

The developed kinetic model was applied to fit the experimental
data. 8T-UCNP emission at 455-nm was measured and fitted using
the kinetic model, as shown in Fig. 4(a). The obtained rate parameters
showed that the cross-relaxation rates were much greater than the
PL decay rates from the higher excited levels to the ground level.
This finding was not surprising due to the strong cooperation in
8T-UCNP in the presence of the 975-nm laser excitation. The heavy
Tm**-doping of 8% resulted in the concentration of ~ 1.2 ion/nm’
to confine the emitting ions to a volume <« Asss [42]. This strong
ion coalescence resulted in fast cross-relaxation leading to a photon
avalanche [16]. The S-shape curve over the build-up period (Fig. 4(a))
represented a signature of the photon avalanche effect.

The parameterized model was used to determine the tuc lifetime
of the excited 8T-UCNP by fitting the experimental results of PL
decay measurements, tuc = 14.5 = 0.7 ys. Tuc was short enough to
set the pixel dwell time tav to 177 ps (see Section 3.4 for details) to
ensure adequate sampling of the PL signal in the mode (III).

Figure 4(c) presents the calculated absorption rate dependence of
relative population of the highest e5 ('D2, Tm**) level and compares
it with the corresponding experimental data (the normalized 455-nm
PL signal of 8T-UCNP-PEI excited at 975 nm). The results of the
modeling are in excellent agreement with the experimental data.

3.3 High-resolution 8T-UCNP imaging

The fourth order nonlinear optical absorption of 8T-UCNP-PEI
results in the improved spatial resolution in laser-scanning MPM,
with full width at half maximum (FWHM) of a diffraction spot
expressed by the following formula [19]
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where A is the excitation wavelength, and NA is the objective
numerical aperture. FWHM, is calculated to be 178 nm at NA = 1.4
and Aec = 975 nm.

Considering the nonlinearity order (n) variation versus the
excitation intensity (c.f. Fig.4(c)), the FWHM, dependence of
discrete 8T-UCNP-PEIs deposited on a coverslip versus Ix (presented
in terms of the excitation power, Pe, labeled as average power) was
measured and plotted in Fig. 5, alongside epiluminescent images of
discrete 8T-UCNP-PEIs on a coverslip obtained at the corresponding
excitation powers. FWHM, was measured to be 217 + 5 nm at Pex=
0.53 mW, comparable with the calculated diffraction-limited FWHM,
of 8T-UCNP-PEIL We note that the objective lens was not corrected
for 975 nm, so that the diffraction limit was not fully achieved in
the experiment due to considerable aberrations.

FWHM, = (5)

3.4 High-contrast 8T-UCNP imaging in cells and tissues

8T-UCNP-PEI PL was acquired in a broad spectral range of
440-831 nm to maximize emitted photon collection. In the context
of biological imaging, the femtosecond laser excited endogenous
fluorochromes (see Fig. 6) with the emission spectrum overlapping
that of 8T-UCNP-PEIs.
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versus the corresponding Pex. Scale bar is 1 um.
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Figure 6 (a) Images of SK-BR-3 cells incubated with 8T-UCNP-PEIs obtained

in the Lambda mode. Scale bar is 10 pm. (b) PL spectra acquired from regions 1

and 2 in (a).

opm

Figure 6(a) shows two regions: Region 1 is located on the
periphery of the SK-BR-3 cell deprived of 8T-UCNP-PEIs; region 2
contains 8T-UCNP-PEIs. Figure 6(b) shows the corresponding PL
spectra of these regions with apparent overlapping. Most of discrete
8T-UCNP-PEIs were observable and interpreted as small clusters
engulfed in the endosome/lysosome of cells, while several particles
are shadowed by SK-BR-3 cell autofluorescence. This urged us to
complement the spectral filtering with temporal filtering.

The temporal filtering approach was based on postprocessing the
acquired PL signal time trajectory captured by TCSPC to make use
Tyc > Taf (Taf is the autofluorescence lifetime). As schematically
shown in Fig. 7, the main idea of this approach was to clear TCSPC
time bins in a time interval faer corresponding to the autofluorescence
emission occurring during 7, after an excitation fs-pulse. The
remaining signal in (e — taear) TCSPC time interval was believed
to contain predominantly PL signals of 8T-UCNP-PEIs. Note that

Time channels
0 50 100 150 200 250

teyce

toear

' T 1

Counts (a.u.)

T T T T T T T

0 2 4 6 8 10 12
Time (ns)
Figure 7 Schematic illustration of the temporal filtering approach. Blue, black,

and red lines represent time trajectories of a laser pulse, autofluorescence, and
PL of 8T-UCNP, respectively.
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the blurring effect was eliminated due to Tuc < #4,, although the
fast almost artifact-free laser-scanning imaging of UCNPs was
demonstrated at #5, = 12.5 us comparable to 7yc [34].

The contrast of several 8T-UCNP-PEI images at variable facr was
measured and optimized as follows. First, we obtained the mask
images of PL 8T-UCNP-PEI at fdaer = 9.8 ns. Then, a 10% level of
the maximal intensity in the image was taken as a threshold value
cutting off PL of the 8T-UCNP-PEI from the autofluorescence of the
cells. Inverted masks for PL 8 T-UCNP-PEI were used as background
masks. Contrast (C) was calculated using the following formula:

c-UC_BC (©)
BG

where UC is the average value of the PL signal of the 8T-UCNP-PEI,

and BG is the average value of the background signal consisting of
the autofluorescence signal and the detector noise. Figure 8 shows
images of SK-BR-3 cells incubated with 8T-UCNP-PEI obtained at
taear = 0 and 9.8 ns.

As a result, the average contrast was increased > 2.5 times from 35
to 88, as calculated from the raw and processed image, respectively.

To confirm the detection of single 8T-UCNP-PEIs or small clusters,
epiluminescent and AFM images of 8T-UCNP-PEIs deposited on a
coverslip were acquired and presented in Fig. 9. To find the same
image areas, the coverslip was marked with a diamond glass cutter.

An analysis of the obtained data showed that the height of
nanoparticles labeled as 1, 2, and 3 in Figs. 9(a) and 9(b) did not
exceed 40 nm (Fig. 9(c)), which agreed with the average diameter of
single 8T-UCNP-PEIs as determined by TEM. At the same time, the
object to the right of particle 3 in the AFM image (Fig. 9(a), marked
by a white arrow) was noticeable in the epiluminescent image
(Fig. 9(b)) and was attributed to debris on the cover slip. AFM is
characterised by the sub-nanometer axial resolution, whereas its
lateral resolution represents a convolution of the object actual size
with the tip diameter and can be much coarser. This means that
although UCNPs look similar in the image of Fig. 9, their actual
diameters most likely differed and their photoluminescent signals
varied.

A histogram of the PL intensity distribution of 8T-UCNP-PEIs
deposited on a cover slip was plotted to determine the particle-size
distribution (PSD), as shown in Fig. 10. The obtained PSD was
fitted with a single Gaussian function (Fig. 10(a)) and indicated
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Figure 8 Images of SK-BR-3 cells incubated with 8 T-UCNP-PEIs obtained (a)
without and (b) with the temporal filtering. Image profiles are plotted along
straight lines between points marked by arrows on (a) and (b) for modes (c)
without and (d) with delayed detection of PL, respectively.
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Figure 9 Images of 8T-UCNP-PEI on cover glass obtained by (a) AFM and (b)
laser-scanning MPM. Scale bar is 1 um. (c) Zoomed-in image and corresponding
profile of a particle marked 3 on (a).
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Figure 10 PL intensity distribution of 8T-UCNP-PEIs located (a) on cover slip
and (b) in SK-BR-3 cell culture.
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monodisperse PSD of the tested colloidal solution. The PL intensity
distribution of the images of 8T-UCNP-PEIs incubated with SK-BR-3
cells was apparently polydisperse.

Two specific regions denoted as (I) and (II) were distinct, as
shown in Fig. 10(b). The PSD in region (I) (Fig. 10(b)) conformed
the PSD in Fig. 10(a) and lent a straightforward interpretation of
single or small cluster 8T-UCNP-PEIs present in the intra- and
extra-cellular spaces. The PSD in region (II) pointed to the larger-size
8T-UCNP-PEI aggregates. The aggregate formation in the culture
medium and cells was not surprising. Strong electrostatic repulsion
of 8T-UCNP-PEIs in water due to the large positive surface charge
[41] was screened in the saline solution of the culture medium and
probably prompted the aggregation. The intracellular aggregation
could be explained by the endosome-mediated nanoparticle
internalization, where several nanoparticles were enclosed in a
single endosome leading to their aggregation.

We also studied the applicability of the proposed approach when
imaging 8T-UCNP-PEILs in a complex biological environment,
such as tissue of small animals. To this aim, we injected 150 pL of
8T-UCNP-PEI (200 ug/mL) intravenously to Balb/c mice. The animal
organs, including spleen, were harvested 15 min post-injection,
tissue-sliced and subjected to microscopic examination. Hepatic
(80%-85%) and splenic macrophages (10%-15%) are known to be
mainly responsible for cleaning the blood flow from the injected
colloid. Thus, 8T-UCNP-PEI accumulation was expected in the spleen
tissues to demonstrate the proposed approach. Figure 11 shows images
of the spleen incubated with 8T-UCNP-PEIs obtained in modes
without (Fig. 11(a)) and with (Fig. 11(b)) the temporal filtering.

To confirm the imaging of the 8T-UCNP-PEI, the images were
also obtained in the Lambda mode (Fig. 11(c). Figure 11(d) shows
the image profiles without (in black) and with (in elimination of the
background signal) by cleaning the time window tfuaer = 9.0 ns after
a laser pulse can be seen in the figure. The contrast calculation for
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Figure 11 Images of spleen tissue cross-section 15min post intravascular
injection of 8T-UCNP-PEI formulation obtained (a) without and (b) with
temporal filtering, respectively. (c) Image of spleen slice obtained in the Lambda
mode. (d) Profiles of images without (non TG, in black) and with (TG, in red)
delayed detection along red dotted lines on (a) and (b). Signal and BG denote PL
signal of 8T-UCNP-PEI and background signal due to spleen tissue autofluorescence,
respectively.

the points marked by the red arrows in Figs. 11(a) and 11(b) showed
that the achieved contrast enhancement was > 3.5 by implementing
the image postprocessing.

4 Conclusions

Due to their high optical nonlinearity as observed experimentally
and described theoretically, amplified stimulated emission of
8T-UCNPs enabled imaging of discrete upconversion nanoparticles
against a background of cell autofluorescence in laser-scanning MPM
coupled to a time-correlated single photon counting module. The
enhanced (> 2.5-fold for cells and > 3.5-fold for tissues) 8T-UCNP
visibility was also achieved by suppressing the autofluorescence
background at the postprocessing stage via clearing the TCSPC time
bins corresponding to the fast-decaying autofluorescence while the
persistent emission from UCNPs became the main contributor to
the recorded signal. The demonstrated method is believed to be
suitable for high-contrast imaging of phosphorescence nanomaterials,
such as 8T-UCNP, in biological systems by using commercially
available laser-scanning nonlinear microscopy.
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