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Abstract

The aim. Demonstrate a novel modality of laser-scanning multiphoton microscopy suitable for rapid acquisition of images
of samples labelled with phosphorescent materials characterised by long emission lifetime measured in microseconds.
The reported microscopy represents an advancement over the existing laser-scanning modalities, where the acquisition
of images of phosphorescent materials takes unpractically long time.

Materials and methods. The reported method is based on rapid scanning of the focussed excitation beam across
a sample while continuously recording the photoluminescent (PL) signal. The resultant images of discrete phosphorescent
nanoparticles appeared blurred. The diffraction-limited image was reconstructed by using a deconvolution algorithm,
where the PL lifetime was the key input parameter. To test the method, two types of upconversion nanoparticles (UCNP)
were synthesised, NaYF,:Yb*+:Er*/NaYF, (E-UCNP), B-NaYF,:Yb*, Tm*/NaYF, (T-UCNP) and used to test a possibility
of demultiplexing the two types of UCNPs ex vivo taken up in the mouse liver.

Results. The resultant images of E-UCNP, T-UCNP on the background of the liver were fully reconstructed and exhibited
the enhanced signal-to-noise ratio. Besides, the method allowed rapid (at the scale of seconds) acquisition of the UCNP PL
lifetime and clear discrimination of the two types of UCNPs.

Conclusion. We demonstrated a new approach for rapid PL image acquisition of samples containing PL materials, such as
biological specimens labelled with discrete UCNPs. Blurred images were shown to be reconstructed at the post-processing
stage by applying a deconvolution procedure. This enabled demonstration of multiplexing/demultiplexing using lifetime
imaging mode, where the lifetime was engineered by the UCNP synthesis and reconstructed during multiphoton image
acquisition using the deconvolution algorithm. The power of this method was demonstrated by the identification of two types
of UCNPs accumulated in the liver of a laboratory animal. We believe that the demonstrated method can be useful for rapid
lifetime imaging where several molecular specific labelling agents are required.

Keywords: biophotonics; lifetime imaging; phosphorous materials; upconversion nanoparticles photoluminescence;
multiphoton microscopy
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Busyanusauua guckKkpetTHbiX HaHodocdcdopoB
B OMonornyeckKkmx cucremax C y4eTomM BPpEeMeHM XXU3HU

cnyopecueHuumn
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AHHOTauusa

Llenb. MpogemoHCTpupoBaTh HOBbIM METOL Na3epHON CKaHWPYIOLLEA MHOMOGOTOHHON MMKPOCKOMUM, NOAXOAALWMA Ans
ObicTporo nonyyeHus usobpaxeHuin 06pasLoB, MeYeHHbIX (HOCHOPECLMPYIOLLMMU MaTepuanamm, XapakTepuayoLwmxcs
ANUTENbHLIM BPEMEHEM XM3HW U3MYYeHUs, U3MEPSIEMbIM B MUKpOCeKyHaax. [peactaBneHHas MUKPOCKONWUS NpeacTas-
nseT cobon Nporpecc No CPaBHEHWID C CYLLECTBYIOLMMM METOAAMM NA3epHOrO CKaHMPOBAHWS, B KOTOPbIX MOMyyYeHue
n3obpaxeHuin hocqopecLmpyoLLmMx MaTepUanos 3aHNMaeT HEeMPaKTUYHO JONM0e BPEMS.

Matepuan n metoabl. OnucaHHbIn METOL OCHOBAH Ha BbICTPOM CKaHUPOBaHMM CHOKYCUPOBAHHOMO Nyya BO3GYXOEHNS
no obpasLy Npu HenpepbIBHON perucTpaun gotontoMuHecyeHTHOro (PL) curHana. lMonyyeHHble n300paxeHns anuckpet-
HbIX hOCCHOPECLMPYIOLLMX HAHOYACTUL, BbIrNSAENU pasMbiTbiMu. 3oBpaxeHne ¢ audpakuMOHHbIM paspeLueHnemM Bbino
BOCCTAHOBIIEHO C UCMOMb30BaHWEM anropuTMa AEKOHBOMIOLMK, rae Bpems xu3HM PL Gbino KnoueBbIM BXOAHBIM Napame-
Tpom. [ins TecTpoBaHUs MeToa Gbini CMHTE3MPOBaHbI fjBa TvNa ankoHBepcioHHbIX YacTuy (UCNP): NaYF,:Yb* Er®/
NaYF, (E-UCNP), B-NaYF,.Yb*, Tm*/NaYF, (T-UCNP) 1 ucnonb3oBaHbl ins NpoBEpKN BO3MOXHOCTM €My NbTUANMEKCHPO-
BaHus aByx TMnoB UCNP ex vivo, BoCTaBneHHbIX B neYeHb NabopaTopHOiA MbIL.

Pesynbratbl. [lonyyeHHble uobpaxeHnss E-UCNP, T-UCNP Ha choHe neveHn Oblnn MOMHOCTBHO PEKOHCTPYMPOBaHbI
11 noKasanu yrnyuLeHHOe OTHOLLEHME curHan/wym. Kpome Toro, Metog no3sonsn GeiCTpo (B Maciutabe cekyHa) nonyyatb Bpems
xu3Hn PL UCNP 1 yetko pasnnyatb aga Tuna UCNP.

3akntoueHme. Mbl NpogeMOHCTPUPOBANM HOBLIN MOAX0Z A4S BbICTPOro nomnyyeHns usobpaxeruin PL-0Bpa3sLios, copepalumx dy-
OpecLMpytoLLVe BeLLecTBa, Hanpumep Brorormyeckix 06pasLoB, MeyeHHbIX auckpeTHeIM UCNP. Bbino nokasaHo, 4To pasMbiTbie
130BpaXeHs BOCCTAHABNMBAKOTCS Ha 3Tane noctobpaboTky myTem npuMeHeHUs npoLeaypb! AEKOHBOMOLMIA. STO NO3BOMNMO Mpo-
[EMOHCTPMPOBATL MyMbTUMIEKCMPOBaHWE/AEMYNBTUNIIEKCMPOBAHNE B PEXIME BU3yarn3aLim BPEMEHM XU3HW, T BPEMS XU3HM
onpegensnock cuHTe3om UCNP 1 BocCTaHaBnMBarnoch BO BPEMS MOSTy4EHWS MHOMODOTOHHOTO M300paxeHns C NOMOLLBIO anro-
pUTMa AEKOHBOSHOLW. BO3MOXHOCTM 3TOM0 MeToAa Bblniv MPOAEMOHCTPUPOBaHBI Ha Npumepe waeHTudmKaLmm asyx Tunos UCNP,
HaKOMIEHHbIX B NeYeHN NabopaTopHOro MBOTHOTO. Mbl CuMTaeM, YTO NPOAEMOHCTPUPOBAHHBIA METOA MOXET ObITb NoneseH
ANs BbICTPON NPUKU3HEHHON BU3yanu3aLmn, koraa TpebyeTcs HECKOMBbKO MONEKYSPHO-CNIELMAUYECKX MEYEHBIX areHTOB.
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List of abbreviations
MPM - multi-photon microscopy
PL - photoluminescence

Optical imaging assisted by molecular-specific fluo-
rescent labelling is one of the main tools of the life sci-
ences, which is commonly implemented with fluorescent
organic dyes [1]. However, many molecular fluorophores
are susceptible to their biochemical surroundings, exhib-
it unwanted properties, such as broad photoluminescent
(PL) emission spectra, transient (blinking) and irrevers-
ible (photobleaching) light-induced transitions to dark
electronic states [2], which limit their applicability [3].
Photostability is critical in many applications, including
stimulated emission depletion microscopy [4].

PL nanoparticles typically exhibit excellent photo-
stability [5], narrow and tunable spectra, [6], mild cy-
totoxicity [7]. Upconversion nanoparticles (UCNPs)
represent promising PL nanomaterials, which meet
the stringent requirements for ultrahigh-sensitivity
optical imaging [8]. The list of merits includes virtually
unlimited photostability; unique photochemical struc-
ture enables “upconversion” of near-infrared excitation
light (975 nm) of the modest intensity (1-100 W/cm?)
to the higher energy visible/near-infrared emission
(450-850 nm), as shown in Fig. 1A [9]. In addi-
tion, the exceptionally long (sub-ms) PL lifetimes of

PSF - point spread function
UCNP - upconversion nanoparticle
TCSPC - time-correlated single-photon counting module

UCNPs (Fig. 1B) allow the realisation of time-gated
detection schemes that can completely suppress the
residual back-scattered excitation light [10].

To achieve the maximum PL efficiency of UCNPs [9],
the excitation laser beam is focussed and raster-scanned
across a specimen acquiring an image pixel-by-pixel,
as schematically shown in Fig. 2A. Since the UCNP PL
lifetime (t,.) is exceptionally long measured in sub-
milliseconds (Fig. 1B), it takes about 30 min to acquire an
image sized 512x512 by dwelling at every pixel for several
milliseconds [11]. If the pixel dwell time during the scan is
less than T, the PL signal will persist while being recorded
and appear stretched along the scan-axis [12]. The demand
of the high excitation intensity and exceptionally T
precludes in vivo imaging.

Later works [12] have demonstrated an approach
to solve this problem, where the low excitation
power was employed by using a femtosecond laser in
a multiphoton imaging modality; and the fast scan speed
was determined by the same pixel dwell time as during
traditional multiphoton imaging (about 10 ps). To remove
the streaking, C.F. Gainer et al. [12] have proposed
to apply a deconvolution procedure to the blurred
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images. This approach was refined by D.V. Pominova
et al. [13], where the authors reported the evaluation of

T, Even though the application of the deconvolution
procedure allowed visualising UCNPs with a resolution
close to the diffraction limit, the proposed method had

the excitation of UCNPs, and hence the image contrast
was compromised. Continuous-mode laser excitation
can improve the contrast [14], as well as the use of
UCNP of the formula B-NaYF,:Yb**, Tm*/NaYF, with
the enhanced conversion efficiency (n,.) [15]. These

several shortcomings. The femtosecond laser tuned advances have the potential for image multiplexing

to 975 nm excited endogenous fluorescence alongside  and demultiplexing throught . [16], which can be
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FIG. 1. Fluorescence characteristics and appearance of upconversion nanoparticles.

A. Photoluminescence spectrum and transmission electron microscopy image and photograph of colloidal UCNPs structured as
NaYF,:Yb: Er. The excitation laser at a wavelength of 975 nm was used to acquire the spectrum. An inset shows the photograph,
where the laser path was visualised as a green strip, corresponding to the emission wavelengths at 522 nm, 541 nm.

B. A theoretically simulated plot of the PL signal versus time, PL lifetimet . = 0.8 ms was used as a parameter.

C. Spectra of the B-NaYF,:Yb*', Tm*/NaYF, with 975-nm laser excitation.

D. Scanning electron microscopy images of B-NaYF,: Yb**, Tm*/NaYF, T-UCNPs.

PUC. 1. XapakreprcTiku (IyopecieHIMH i BHEIIHUI BH/l ATKOHBEPCHOHHBIX HAHOYACTHII.

A. Crextp (hOTONIOMHHECLCHIIMH, H300payKeHHE C MPOCBEYMBAIONIEIO 3JIEKTPOHHOTO MHUKPOCKOIa M (oTorpadus KOJUIOMIHBIX
UCNPs — NaYF,:Yb:Er. [lna nomy4enns CrekTpa UCMosib30BajICsa BO30yKIalomuid asep ¢ AuHoH BosHbl 975 Hm. Ha BeTapke mo-
KkazaHa Qororpadus, Tae MyTh J1a3epa BU3yaIn3UPOBaH B BUJIE 3€ICHOM MOJIOCHI, COOTBETCTBYIOIIECH JTTMHAM BOJIH H3ITydeHUs 522 HM,
541 am.

B. Teoperuuecku cMozenupoBaHHbli rpaduk 3aBucumoctu curtana PL ot Bpemenu, Bpemst xu3au PL UC = 0,8 mc.

C. Cuextpsl B-NaYF,:Yb*, Tm*/NaYF, npu nasepHom Bo30yxnenuu 975 Hm.

D. M300paenus co CKaHUPYIOIIETo 3IeKTpoHHoro Mukpockona B-NaYF,: Yb**, Tm*/NaYF, T-UCNPs.

Note: PL - photoluminescence, UCNPs — upconversion nanoparticles.
Mpumeyanme: PL — photoluminescence, doTontommuHecueHuus, UCNPs — upconversion nanoparticles, ankoHBepCHOHHbIE YacTuLbl.
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purpose engineered within a substantial tuning range
from 1 to 2000 ps. The demultiplexing can be realised
by the lifetime imaging using laser-scanning microscopy
by dwelling over the UCNP-labelled regions for periods
required to acquire the time trajectories sufficient
to extract 7. This method suffers from instrumental
complexity and slow acquisition time.

We propose an approach, which relies on rapid
raster-scanning of an UCNP-labelled specimen, while its
persistent PL signal is continuously acquired from the
entire scan area, as it is schematically presented in Fig. 2.
The resultant blurred image can be reconstructed
by performing an image post-processing procedure based
on the image deconvolution with a temporal point-spread
function of the single UCNP, where its 7. represents the
key fitting parameter. As a result, the detection sensitivity
of the PL signals was not compromised, despite the rapid
pixel-by-pixel acquisition rate, and 7. was determined and

PMT

IR
laser

Scan 4 UCNP

FIG. 2. Schematic diagram of a laser-scanning imaging system.

BNOMEONLINHA

can be used for image multiplexing/demultiplexing [16].
Although this approach has been described in Refs [12]
and [13], the multiplexing/demultiplexing capability
of this method has not been reported. Our study aimed
to demonstrate the ability of the method to visualise
two types of UCNPs in animal tissue.

MATERIALS AND METHODS

Synthesis of upconversion nanoparticles

We used two types of UCNPs of the structure NaYF,: Yb:
Er and NaYF,:Yb:Er@NaYF,, termed E1- and E2-UCNP,
respectively. The synthesis of NaYF,:Yb, Er@NaYF,
nanoparticles was based on the Ostwald ripening-mediated
method with some modification [17]. First, cubic NaYF,
nanocrystals were prepared by mixing I mmol YCI,, 6 mL
oleic acid and 10 mL of octadecene in a 50-mL flask. The
resulting mixture was heated to 150 °C under airflow
under constant stirring for 30 min to form a light-yellow

A near-infrared laser (IR laser) reflected off a dichroic mirror (DM) illuminates a sample containing discrete UCNPs and the
sample is horizontally scanned. The emitted photoluminescence is detected by a photomultiplier (PMT).

PUC. 2. Cxema cucTeMbl Ta3epHON CKaHUPYIOLIEH BU3yaTn3allnu.

Jlyu nazepa OnmxHero uHppakpacHoro auana3ona (IR laser), orpaxeHHslit ot auxponvHoro 3epkana (DM), ocsemraer obpaser,
coaeprkammuii muckperabie UCNPs. O0paser; ckaHupyeTcsl B TOpU30HTAIBHOM HarpaBieHun. M3nydaemas (OTOMFOMUHECIICHIHS

perucrpupyetcs poroymHoxkuresnem (PMT).

Note: UCNPs — upconversion nanoparticles.

Mpumeyarmne: UCNPs — upconversion nanoparticles, ankoHBEpPCHOHHbIE YacTuLibI.
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solution that was cooled down to room temperature. Then
10 mL of methanol solution with 1.6 mmol of NH,F and
1 mmol of NaOH was added and stirred for 30 min. After
heating to remove methanol, the solution was cooled.
The solution was heated to 290 °C under argon flow
using vigorous stirring for 45 min and cooled to room
temperature. NaYF, nanoparticles obtained were collected
and resuspended in a solution of 5-mL oleic acid, 8-mL
octadecene. 0.2 mmol core UCNPs in 15-mL cyclohexane
were added to a 100-mL flask, mixed with 10-mL oleic acid
and 16 mL octadecene. The resultant core-shell NaYF :Yb,
Er@NaYF, nanoparticles were collected and washed with
centrifugation and dispersed in cyclohexane. Note that E1-
UCNP is characterised by a much shorter emission lifetime
in comparison with that of E2-UCNP.

Another type of UCNP, B-NaYF,:Yb*", Tm**/NaYF,,
here termed T-UCNP, were synthesised using a procedure
similar to that described above and reported in detail in [18].

Measurement of conversion coefficient

of upconversion nanoparticles

The conversion coefficient of NaYF,:Yb:Er @ NaYF,
(n,) was evaluated to be about 2%. To improve it, we
synthesised core-shell UCNP of the structure B-NaYF,: Yb*,
Tm*/NaYF, termed T-UCNP, as reported in detail in [17].
The conversion coefficient of T-UCNP was measured to be
as high as 11 % (Fig. 3B) and is much greater than ordinary
two-photon absorption [13]. The distinct spectral bands of
these particles are shown in the Fig. 1C.

The conversation efficiency of UCNPs is presented
in Fig. 3B [17].

Animal experiments

All experiments with animals were performed us-
ing general anaesthesia (Zoletil mixture, 40 mg/kg of the
animal's weight and 2% Rometar, 10 puL, 10 mg/kg) using
intraperitoneal injection following the “Guide for the Care
and Use of Laboratory Animals”. The research was ap-
proved by the Ethics Committee of N.I. Lobachevsky State
University of Nizhny Novgorod from 03.03.2021, protocol
Ne 50. Two mice were housed in a single cage on a 12-h
light/dark cycle under normal lighting conditions in trans-
parent polycarbonate cages with an international standard
stainless steel grid with ad libitum access to food and water
using full-fat extruded feed for laboratory animals “Chara”
and filtered (“Aquafor”, Russia) water with complete re-
placement of water in drinking bottles 2 times a week.

Professional autoclavable material REHOFIX MK
2000 (granules from the core part of corn cobs) was used
as bedding material, which was replaced every two days
during the preparation and conduction of the experiment.
Cleaning of the cages (washing the plastic base) was also
performed once every two days. The air temperature was
maintained within the range of 2024 °C, with a relative
humidity of 50 + 20. To administer two types of UCNPs
in live anaesthetised animals, we used 2 males at 8 weeks
of age BALB/c mice weighing 20-25 g to examine the

biodistribution of these particles after a single intravenous
injection. The fur around the chest, abdomen and back ar-
eas of the animals was shaved to reduce scattering of the
PL signal. 100 puL 0.05% wt. PA-UCNPs/PA colloidal so-
lution (1 mg/kg) of phosphate buffer solutions, pH 7.2 was
injected in a lateral tail vein. The detection of the PL was
carried out on either the ventral or dorsal sides of the ani-
mals. The animals were euthanized 2 h after PA-UCNPs/
PA injection by cervical spine dislocation. The liver was
extracted and used for the imaging experiments.

RESULTS

Theoretical modelling

To demonstrate the advantages and limitations of the
proposed lifetime imaging, we developed a simplified
theoretical approach [15].

Consider a one-dimensional case of the laser-
scanning PL imaging configuration, as shown in Fig. 2.
A PL signal at the photomultiplier S(z) is modelled using
the following expression:

S(t) « O dtT() [* dxG(x —vt)P(x), (1)

G represents the intensity distribution of the excitation laser
at 975 nm. G depends on the space and time variables, x,
t, respectively, which are functionally dependent as x—v,
and describe a travelling wave propagating in the positive
x-direction with the speed v. P(x) represents the UCNP
sample profile. The UCNP PL versus time is described by
I1®) [19], with the time trajectory shown in Fig. 1B. This
time trajectory features the PL signal rise and is explained
by the complex upconversion energy transfer processes.
The second phase of decay is determined primarily by the

UCNP PL lifetime Ty
function intensity distribution (x —vt) = exp[—(

Assume I'=ewr, and a Gaussian
X—vt\2
2w ) ]’
with the beam waist, w equal to the focussed beam diameter.

Consider the sample as a discrete set of UCNPs with
diameters << w. A single UCNP is modelled as a delta-
function positioned at=0, i.e. P(x)=0(0). If T is comparable
with the scanning time, i.e. Ty T, the expression (1) is
transformed to:

£, t—t
S(t) ocf dt expexp (—) exp[—
—0o0 Tph
efﬁ v W2
£ - , 2
o< — {1+ erf[\/zwe vzrph)]} 2

where erf — the error function, where (x,y) — T-UCNP
coordinates, 4, — the relative amplitude of the signal.
Evaluation of the expression (2) leads to the conclusion
that this is a convolution of the surface profile of UCNP
with the time-decay function of UCNP, ie. temporary
function I'(t). One can think of S as the impulse function,
which can be used for deconvolution, where two parameters
need to be adjusted for the best results: © and w. PL signal
can be acquired by rapidly scanning through the sample,
and the surface distribution of UCNP is reconstructed at the

1 vt

7 )
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FIG. 3. Setup for obtaining photoluminescence spectra, photoluminescence lifetime and imaging. Results obtained with this system.
A. Schematic of the setup for the acquisition of the PL emission time trajectories of UCNP:B-NaYF,:Yb**, Tm*'/NaYF,.

B. Plot of the integral conversion coefficient of UCNPs as a function of the excitation intensity at 975 nm measured using
an integrating sphere. The PL saturation was achieved at ~20 W cm-2.

C. Image of T-UCNP discrete particles on a coverslip obtained in wavelength-scan mode. The image size, 137 mmx137 mm. Numbers
1-6 indicate individual UCNPs.

D. T-UCNP images were obtained using a laser-scanning multiphoton microscopy setup with a laser beam pixel Dwell Time of 12.61 ps.
PUC. 3. YcranoBka 11t ONy4eHHs CIIEKTPOB (hOTOMIOMUHECIICHIIMH, BPEMEHH KU3HH (DOTOMIOMUHECIICHIINH ¥ BU3YaIH3aLUH.
Pe3ynbrarhl, I0Iy4eHHBIE C TIOMOLIbIO 3TON CUCTEMBI.

A. Cxema yCTaHOBKH JIsl IOJTyYeHHs BpEMEHHEIX TpaekTopuii PL-smuccuu UCNP:B-NaYF,:Yb*' , Tm*/NaYF,.

B. I'paduk nnTerpansHoro koddgduurenta kousepcud UCNP B 3aBUCHMOCTH OT HHTEHCUBHOCTHU BO30YX/IeHUs npu 975 HM,
M3MEpEHHBIN ¢ MOMOLIBI0 HHTerpupytowei chepsl. Hacoimenue ®JI 610 qocturayro npu ~20 Bt em2.

C. N3o6paxenue auckpeTrHsix gacTul T-UCNP Ha MOKPOBHOM CTEKIIE, OITyYCHHOE B PEXKUME CKAHUPOBAHMUS 110 JIMHE BOJIHBL.
Pazmep uzobpaskenus 137x137 mm. [udpamu 1-6 o6o3nauens! ornensusie UCNP.

D. N3zo6paxkenust T-UCNP, nonyueHHbIE ¢ IOMOLIBIO YCTAHOBKHM MHOTO()OTOHHOM MHKPOCKOIHU C JIA3€PHBIM CKaHHUPOBAaHUEM
U BpEMEHEM IpeObIBaHUs TUKCENIS J1a3epHoro ty4a 12,61 Mxc.

Note: PL — photoluminescence, UCNP — upconversion nanoparticle, PMT — photomultiplier, TCSPC - time-correlated single photon counting.
Mpumeyanue: PL - photoluminescence, oTontomunecyeHums, UCNP — upconversion nanoparticle, ankoHeepcuoHHas yactuua, PMT — photomultiplier,
toTtoymHoxutens, TCSPC - time correlated single photon counting, c4eT 0AMHOYHbIX (HOTOHOB C KOPPENSLMEN N0 BPEMEHN.

post-processing stage. It was straightforward to generalise
the 1D-case to 2D-case.

To restore an undistorted T"-UCNP image, we used the
Lucy — Richardson algorithm. Fig. 4 (right panel) represents

The theoretical modelling of single-particle T-UCNP
was carried out using the following formula, where vt is
replaced by the time-dependent coordinate x:

1 —yi)* i~
Sy) & 3EIL Aexp[ =2 Texp[ 01 (14
+ erf[—==]} + Noise 3)

X—Xj
\VZw

Where (x,y) is T-UCNP coordinates, 4, — is the
relative amplitude of the signal.

an image processed using the Lucy — Richardson algorithm,
in which expression (3) was used as the point spread
function (PSF) input function under the summation sign.

Deconvolution of discrete upconversion

nanoparticles with known 1

The result of the numerical simulation of a 2D PL image
of a set of UCNPs randomly distributed in the field of view
is shown in Fig. 4A randomly distributed noise was also
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FIG. 4. A 2D photoluminescence image of a set of upconversion nanoparticles simulated numerically.
Insets show zoomed-in images of the areas demarcated by white-colour circles.

A. Original image. B. Reconstructed image.

PWUC. 4. JIsymepHoe (OTOTIOMUHECHICHTHOE H300paXkeHHe HabOpa alTKOHBEPCHOHHBIX HAHOYACTHLI, CMOZCIIMPOBAHHBIX YHCIICHHO.
BcTaBKY MOKa3bIBAIOT yBEIMYCHHBIC H300paXKCHHUs 001acTei, BBIACICHHBIX KPY)KKaMH OEJI0T0 [IBeTa.
A. Ucxonnoe nzobpaxkenue. B. PekoHcTpyrpoBaHHOE H300pakeHHE.

added to test the robustness of the image reconstructions
procedure. Note the significant reduction of the original
image size. We emphasis a significant improvement of the
signal-to-noise ratio evident by visual examination of the
salt-and-pepper noise (Fig. 4A). This noise is unobservable
in the reconstructed image (Fig. 4B).

Rapid image acquisition was realised by setting the
excitation intensity to a value higher than the saturation
power density of E2-UCNPs (>0.1 Jcm?) easily
achievable at the typical settings of the laser-scanning
microscope. The focussed laser beam was scanned
at a speed of 10 cm/s and dwelled about 10 pus at
each pixel. The specimen represented a thin slice
of the liver tissue extracted from a mouse 3-h post-
injection of E2-UCNPs prepared in phosphate buffer
saline. Fig. 5A shows an overlay of the bright-field
image of the liver tissue and PL image of E2-UCNPs
accumulated in this tissue. Comet-like PL signals from
single or clustered UCNPs are readily observable.
Fig. 5B presents these signals as a surface plot. The
image deconvolution procedure was applied, and the
result is presented in Fig. 5C. The blurred PL image
was converted into a set of intense narrow discrete
peaks of about 1.5-pm in diameter comparable to the
diffraction-limited spots. The E2-UCNP PL lifetime
was determined to be 0.8 ms in good agreement with
the expected value (Fig. 1B).

T-UCNP photoluminescence kinetics

measurements

PL lifetime of UCNPs (rph) represents an important
configuration parameter for the deconvolution procedure.
We measured 7| using an alternative method employing
a setup equipped with an optical modulator (chopper)
and time-correlated single-photon counting module
(TCSPC) by processing images of the sample scan. For

each particle shown in Fig. 3C, PL attenuation curves in
the spectral range of 446486 nm were recorded using
the scheme shown in Fig. 3A. The obtained curves were
approximated by a dependence of the form

f@) = ale'% + aze'%, “)

with the lifetimes of the exponential components 1, and
the amplitudes of the exponential components a.

The parameters T, and ¢, were calculated to determine
the average lifetime of the studied T-UCNP:

t, — the average lifetime of the components of
a multi-exponential decay weighted by their amplitude
coefficients (a,,a,etc.). For a two-exponential decay, t
is defined as expression (5):

T =0Ty + a7y ag +a; = 1. %)

t,— the average lifetime of the decreasing components
weighted by their integral intensities. The intensity-
weighted value of ¢, for a two-exponential decay is defined
as expression (6): , ,

_ 4177 +a,ts
i a;t1+azty ’ (6)

The mean lifetime 7, is more sensitive to changes in the
slow component of the lifetime, while the mean lifetime t_
is more sensitive to changes in the fast component.

Then, without changing the position of the sample, the
sample was scanned at the scanning speed corresponding
to the pixel dwell value of 12.61 ps. The resulting image
is shown in Fig. 3D.

The PL signal profile of each particle was extracted
for subsequent deconvolution using the view function
[expression (6)]:

I—Aexp(—)—Bexp(t0 t)+C @)

where I is the intensity of the nanopartlcle s PL signal;
t, and ¢ are the sample scanning time (7)) is the time
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FIG. 5. Deconvolution of the blurred image of upconversion nanoparticles in a mouse liver tissue sample.
A. An overlaid bright-field image of the mouse liver tissue (grey) and PL image of E2-UCNPs (green) deposited in the liver post-

intravenous injection. Scale bar, 50 um.
B. Surface plot of originally acquired and

C. deconvolved PL images of UCNPs in the liver slice, as in (A).

PUC. 5. JlekoHBOMIOLHSI pa3MBITOTO H300PaKCHHS alIKOHBEPCHOHHBIX HAHOYACTHIL B 00pa3ie TKAH! ICYCHH MBIIIIH.
A. HanoxeHHOE IpKO-TI0JIeBOE N300paskeHNE TKaHH MeueHH MbIIH (cepbiii) u PL uzoopakenue E2-UCNPs (3enenslit), 0CaxIeHHBIX

B IICYCHH NIOCJIC BHYTPUBEHHOW MHBEKIIUH. Maciirad — 50 MKM.

B. TToBepXHOCTHBIN rpadvik U3HAYAILHO MOdy4eHHOTO n300pakerus PL UCNP (A).
C. IToBepxuocTtHbIH rpaduk u3o0paxenus PL UCNP (A) mocie npoueaypbl AEKOHBOIOIHH.

Note: PL — photoluminescence, UCNPs — upconversion nanoparticles.

Mpumeyanme: PL — photoluminescence, dotontommHecueHums, UCNPs — upconversion nanoparticles, ankoHBepCMOHHbIE YacTULb.

corresponding to the moment of the beginning of PL
signal growth when the scanner passes through the
sample area in which the particle is located); since
the PL signal profile obtained from the microscope
is a dependence of the PL signal on the scanner
position (in pixels), to convert the abscissa scale
from x (pixels) to ¢ (pus), the initial values of x were
multiplied by the scanning time of one pixel (Pixel
Dwell); T, — parameter corresponding to the UCNP PL
signal decline time; 1, — parameter corresponding to
the T-UCNP PL signal rise time; A and B — amplitude
factors; C — the background signal value (noise level).

1. The value of t, was chosen as the value
corresponding to the time during which the PL signal
increases by approximately 1/3 of the intensity at the
maximum,;

2. t, was fixed as a value of time corresponding
to the moment of the beginning of the growth of the
UCNP signal.

1, of T-UCNP measured by the multi-photon microscopy
(MPM) method, as well as T_and ¢, values obtained using
TCSPC, are shown in Fig. 6.

One can see that the deconvolution method provides an
underestimate of 7. in comparison with the more reliable
method based on the chopper/TCSPC module.

Lifetime imaging using multiplexing/

demultiplexing from two types of upconversion

nanoparticles

To demonstrate the capability of multiplexing/demulti-
plexing, we carried out lifetime imaging using 2 types of
UCNPs embedded in excised animal tissue. As the long

and short emission lifetime UCNPs we selected T- and E1-
UCNPs, respectively. A cocktail of UCNPs was adminis-
tered in a live laboratory animal, and the extracted liver was
sliced and examined (see M&M for details). Fig. 7A shows
a photograph of a mouse liver containing two types of par-
ticles, obtained using a raster scan with a long dwell time
in the laser beam per pixel (177 ps). By measuring the PL
spectra of each pixel as shown in Fig. 7C by measurements

800
700 }
600
500
400

300

Time, us/ Bpewmsi, Mkc

200

100

0

Tm t; 12.61
Pixel dwell, us/ Bpemsi 3agepxku B nukcene, MKC

FIG. 6. Comparison of the photoluminescence lifetimes of
T-UCNPs in the 446-486 nm range obtained by different methods.
PUC. 6. CpaBHenue BpeMeHH XU3HH (OTONOMUHECLICHIIMI
T-UCNPs B nuanazone 446—486 HM, oIy4yeHHOE pa3InYHbI-
MH METOaMH.
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FIG. 7. Experiments with a mouse liver slice containing two types of particles.

A. A multiphoton microscopy image of the mouse liver slice containing T- (blue) and E1- (yellow) UCNPs acquired by raster
scanning with the fully open aperture, image size 424x424 pm, Pixel Dwell: 177 ps.

B. T-UCNP (denoted UCNP-Tm) shows a pronounced streak pattern, whereas E1-UCNP (denoted UCNP-Er) shows almost

unobservable streaking.

C. Particle PL spectra taken at points [1] and [2] marked in Fig. 7A. Fast scanned MPM image of the same sample, image size

424%424 um, Pixel Dwell: 12.6 ps.

PWUC. 7. DxcrieprMeHTHI CO CPe30M IIEUCHH MBIILH, COCPIKAILNM J(BA THIIA YACTHLI.
A. MynbTnd0oTOHHOE MUKPOCKOIIMYECKOe U300paXKeHne cpesa IMeUYeHr MbIIIH, conepxaiero T- (cunuit) u E1- (kentsiif) UCNPs,
MOJIy4E€HHOE METOIOM PACTPOBOIO CKAHUPOBAHMUS C MOJIHOCTBIO OTKPBITON IuadparMoi, pasmep nzodpaxenus 424x424 mxm, Pixel

Dwell: 177 Mkc.

B. T-UCNP (o603naueno UCNP-Tm) 1eMOHCTPHUPYET APKO BEIPAXKEHHBIH M0I0CaThIi prcyHOK, Torna kak E1-UCNP (o6o3HaueHo

UCNP-Er) neMOHCTpHpYET MOYTH HEHAOIIAAEMOE Pa3MbITHE.

C. Cnextps! PL wactun, cusaTble B Toukax (1) u (2), oTMeueHHBIX Ha puc. 7A. bricTpoe ckanupoBanne MPM n3o0pakeHus: TOro
xe o0pasua, pazmep nzodpakenus 424x424 mxM, Pixel Dwell: 12,6 mkc.

Note: MPM — multi-photon microscopy, PL — photoluminescence, UCNP — upconversion nanoparticle.
Mpumeyanne: MPM — multi-photon microscopy, MHorodhotoHHas mukpockonus, PL — photoluminescence, dpoTontomutectenuyms, UCNP — upconversion

nanoparticle, ankoHBepCUOHHas YacTuLa.

at points (1) and (2) of Fig. 7A, we were able to identify
T- and E1-UCNPs, since the PL spectrum of the T-UCNP
particles was distinguished by pronounced peaks in the
450-508 nm (blue) region, whereas E1-UCNP featured
characteristic spectral bands in green and red.

Next, the same sample was scanned using the MPM
system (Fig. 7B). In the region where we were able to iden-
tify T"-UCNP from the previous experiment, we observed
a blurring of the point in a line along the scan-axis, which
was absent in the region where the short-lived E1-UCNP
was located. This was due to the much longer lifetime of
T-UCNP compared to EI-UCNP. Thus, it became pos-
sible to distinguish, identify particles in the sample by the
character of the observed comet-like blurring of the point.
Besides, 1. can be evaluated.

DISCUSSION

We demonstrated a method to rapidly acquire images
of discrete photoluminescent nanomaterials by operating
a commercial nonlinear optical microscopy in a non-
descanned detection mode. The resultant blurred patterns
produced by discrete PL nanoparticles such as UCNPs
were processed by a deconvolution algorithm to achieve an
almost diffraction-limited PSF. Besides, we demonstrated
the reconstruction of 7. Since it is possible to engineer

1, of UCNP, we produced 2 types of UCNP with long and
short _ to demonstrate multiplexing and demultiplexing
to identify both types of UCNPs. This capacity was useful to
discriminate different UCNPs in turbid biological tissue [16].

Among the shortcomings of the reported method, the
accuracy of determination of 7. is limited by the signal-
to-noise ratio — the method tends to underestimate T, as it
was the case shown in Fig. 3D. Secondly, the increased
excitation intensity leads to the broadening of PSF of UCNPs
and can compromise the resolution. For example, Fig. 7
shows discrete nanoparticles sized several micrometres
in diameter. This limitation can be circumvented by using
unique types of T-UCNP [20], but this limits the repertoire
of available PL nanomaterials. Thirdly, the multiplexing
capacity is limited by the image size and laser-scanning rate,
which can accommodate the longest t , while the shortest
T, may remain undetectable. This scenario is demonstrated
in Fig. 7B, where EI-UCNP featuring short 7 showed
negligible streaking, while T-UCNP showed the streaking of
the length comparable with the image size.

CONCLUSION

In this communication, we demonstrated a new
approach for rapid PL (phosphorescence) image
acquisition of samples containing PL materials,
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such as biological specimens labelled with discrete
UCNPs using laser scanning multiphoton microscopy.
The comet-like blurred images of discrete UCNPs
obtained as a result of the rapid scanning were
reconstructed by applying the deconvolution
procedure. The contrast of discrete UCNP images
was enhanced, and the UCNP emission lifetimes
were determined. This enabled demonstration of
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