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Abstract

Recent developments in the field of biophotonics facilitate the raise of interest to inorganic nanoparticles (NPs) doped with Nd** ions, because
of their near-infrared (NIR) absorption. These NPs are interesting bioimaging probes for deep tissue visualization, while they can also act as local
thermometers in biological tissues. Despite the good possibilities for visualization of NPs with Nd** ions in NIR spectral range, difficulties arise
when studying the cellular uptake of these NPs using commercially available fluorescence microscopy systems, since the selection of suitable
luminescence detectors is limited. However, Nd** ions are able to convert NIR radiation into visible light, showing upconversion properties. In
this paper we found optimal parameters to excite upconversion luminescence of Nd**:LaF, NPs in living cells and to compare the distribution of
the NPs inside the cell culture of human macrophages THP-1 obtained by two methods. Firstly, by detecting the upconversion luminescence of
the NPs in VIS under NIR multiphoton excitation using laser scanning confocal microscopy and secondly, using transmission electron microscopy.
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Pesiome

MocnepHune pa3paboTku B 06nacT 6MOGOTOHUKM CMOCOOCTBYIOT MOBLILLEHNIO MHTEPeca K HeopraHMyeckum HaHovacTuuam (HY), gonupo-
BaHHbIM noHamu Nd**, n3-3a nx nornoweHns B 6kHem nHdpakpacHom (BUK) cnekTpanbHom granasoHe. 3T HY ABnAOTCA nepcnekTuB-
HbIMM 30HAAMV ANA FyOOoKOW BU3yann3aummn TKaHel, B TO Xe BPems OHV MOTYT Cy>KUTb SI0Ka/lbHbIMW TEPMOMETPaMu B 610I0OrMueckimnx
TKaHAX. HecmoTpsA Ha xopoLure Bo3moXkHocTY Budyanusauum HY c voHamun Nd** B BUIK cnekTpanbHOM AnanasoHe, Npu N3yyeHnn BHyTpUKe-
TOYHOTO pacnpepeneHnsa 3Tux HY c ncnonb3oBaHMeM KOMMEPYECKUN AOCTYMHBIX GJTyOPECLEHTHBIX MUKPOCKOMMYECKUX CUCTEM BO3HUKAKOT
TPYAHOCTU M3-3a OrpaHNYEHHOCTM BbI6GOPa NOAXOAALMX AETEKTOPOB NioMUHecLeHLmn. OgHako, noHbl Nd** cnocobHbl Npeobpa3oBbiBaTh
BU/K n3nyyeHvie B BUAMMbI CBET, LEMOHCTPUPYSA an-KOHBEPCUMOHHbIE CBONCTBA. B 31O paboTe Mbl onpeaenuan onTumanbHble napameTpbl
Ans BOo30yX[AeHNA an-KOHBEPCUOHHOM NiommnHecueHuynn HY Nd**: LaF, B xuBbix KneTkax v cpaBHWIM pacnpegeneHue HY BHyTpuy KieTok
KynbTypbl YesioBeuecknx Makpodaros THP-1, nonyueHHoe aByms meTogamu. Bo-nepBbix, myTem pernctpawumm an-KoHBepCMOHHOMN NOMUHEC-
LeHummn HY B BuAMMOM AnanasoHe npy MHOroGoToHHOM Bo36y»aeHum B B/IK arnanasoHe cnekTpa ¢ Mcnosib3oBaHVEM la3epHON CKaHMpPYIo-
e KoHbOKaNIbHOW MUKPOCKOMNY 1, BO-BTOPbIX, C UCMOJIb30BaHMEM NPOCBEUYNBAIOLLEN TEKTPOHHOWN MUKPOCKOMAN.

KnioueBble cnoBa: HaHOYaCTULbI, AonupoBaHHble Nd3*, 6nKHMIN MHdpPaKpacHbIN CNeKTPanbHbIV ANana3oH, an-KOHBEPCMOHHAsA TIOMUHEC-
LeHums, MynbTUdOTOHHOE BO36Y KAEeHVe, TasepHasn CKaHMpytoLasa KoHoKanbHas MUKPOCKOMNUA.

Ana uutnposBaHma: Pa6osa A.B., Keevend K., Tsolaki E., Bertazzo S., NMomuHosa [.B., PomaHnwkuH W.[., Mpaues M.B., Makapos B.W.,
Bypmuctpos /.A., BaHeues A.C., Opnosckas E.O., bBapaHunkos A.E., Rahn M., Sildos ., Sammelselg V., JloweHos B.b., Opnosckuii t0.B. Busyanu-
3auma HaHovactuy LaF,, gonmposanHbix Nd**, ans 6uonmnaxnHra B 6avxHem nHGpakpacHOM AnanasoHe Mo an-KOHBEPCUOHHON IOMUHEeC-
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Introduction

Optical imaging plays an important role in biomedi-
cal research and clinical diagnosis. Obtaining optical
images from the depth of biological tissue is a serious
scientific task, since biotissue is heterogeneous and has
a strong scattering and absorption by various compo-
nents. NIR spectral region (700-950 nm) is most suitable
for excitation during in vivo visualization due to minimal
absorption by biotissue.

In the last decade a lot of attention has been paid to
the inorganic NPs containing rare-earth ions, as a prom-
ising class of nanomaterials for biophotonics. The advan-
tages of rare-earth ions as luminescent labels include
narrow-band radiation, a large spectral shift between the
excitation and emission wavelengths, which is charac-
teristic for the up- and down-conversion, long lumines-
cence lifetime, high photostability of materials and low
toxicity, minimization of autofluorescence of biological
tissues by time resolved fluorescence spectroscopy and
the greatest penetration depth when NPs are excited in
the NIR spectral range [1]. Rare-earth ions can be excited
through multiple electronic states, and, due to internal
conversion, can show luminescence bands in a wide
range of UV, VIS, and IR including the second biologi-
cal window of optical transparency in short-wavelength
infrared (SWIR) [2].

NPs doped with Nd** ions, are increasingly consid-
ered as an improvement for the upconversion system
of ion pair, one of which is the sensitizer Yb3*, with the
possibility of excitation by 800 nm [3-6]. The absorption
cross section of Nd** at 808 nm is 1.2x10"°cm?, about ten
times larger than that of Yb*tat 980 nm [7], which is con-
ducive to improve the efficiency of upconversion process

through Nd-sensitizing [8]. Also, the Nd**-containing
NPs are perspective as bioimaging probes [9] and non-
invasive contactless fluorescence temperature sensors
[10]. The water colloids of Nd*":LaF, NPs synthesized by
hydrothermal microwave treatment have already shown
themselves to be excellent fluorescent agents for bioim-
aging in the NIR spectral range [11].

Despite the good possibilities for visualization of
NPs with Nd** ions in NIR spectral range, difficulties arise
when studying the cell uptake of these NPs using the
methods of common VIS fluorescent microscopy that
are associated with the selection of suitable detectors of
luminescence [12-14]. Fortunately, the materials doped
with Nd** ions can convert NIR radiation into VIS, while
Nd3* ions can simultaneously act as both sensitizers and
activators of upconversion. In this case, the probability
of emission in VIS is higher at high pump densities, when
high-energy levels of most of the Nd** ions in one NP are
populated [15].

The present work demonstrates the visualization of
the intracellular distribution of Nd**:LaF ,NPs by laser
scanning confocal microscopy with multiphoton excita-
tion in the NIR spectral range by pumping into the *F, ,
’H,,, (795 nm) and *F, , %S, (738 nm) levels of Nd** and
detection of two-photon and three-photon upconver-
sion luminescence in the VIS range.

Materials and methods
Synthesis of Nd**-doped lanthanum trifluoride NPs
We use water based hydrothermal microwave treat-
ment (HTMW) synthetic approaches to crystalline 4%
Nd**:LaF, NPs. NPs with such Nd** doping concentration
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is selected as having the highest NIR luminescence bright-
ness. For the synthesis of LaF, NPs doped with 4% Nd**
ions, 0.48 mM La(NO,),-6H,0 and 0.02 mM Nd(NO,),'5H,0
were dissolved in 15 ml deionized water (dH,0). The
solution of rare-earth salts was added dropwise to the
5 mM NH,F solution in 25 ml dH,0 under vigorous stir-
ring. To improve the dispersibility of the obtained NPs,
1 g of biocompatible surfactant polyvinylpyrrolidone
(PVP, average M, ~55000, Aldrich) was added to the solu-
tions. The surfactant was added to the rare-earth nitrates
solutions before precipitation. The freshly precipitated gel
was diluted with 10 ml dH,0 and left stirring for 15 min.
The solution was transferred into a 100 ml Teflon auto-
clave and placed under microwave irradiation for 2 hours
at 200°C using a microwave digestion laboratory device
Speedwave Four (2.45 GHz, 1 kW maximum output power,
Berghof, Germany). The resulting solution was cooled,
centrifuged using a Heraeus Multifuge X1 (Thermo Fisher
Scientific, USA) and washed several times with dH,0. The
resulting powder was redispersed in dH,0O.

Characterization of Nd**:LaF, NPs

The X-Ray Diffraction (XRD) analysis of the Nd**:LaF,
NPs synthesized using HTMW treatment was performed
as earlier [16]. The NPs demonstrate pure and highly crys-
talline LaF, phase.

The morphology of the Nd**:LaF NPs was studied by
means of high-resolution transmission electron micros-
copy (HR TEM) using the Titan 200 instrument (FEI, USA)
with a field emission gun operating at 200 kV. The sample
was prepared by dropping NPs colloidal solution onto a
formvar or holey carbon coated copper (grid 3 mm in
diameter) followed by the evaporation of the solvent.

Hydrodynamic sizes of Nd**:LaF, NPs in dH,0 were
determined by multiangle spectrometer of dynamic
light scattering Photocor Complex (Photocor, Russia).
(-potential measurements were determined using a Zeta-
sizer Nano ZS (Malvern Instruments, UK) analyzer in dH,0
at 25 °C. All measurements were performed in triplicate.

Theabsorptionspectraof Nd**:LaF ,NPs wererecorded
on a spectrophotometer U-3400 (Hitachi, Japan).

Confocal microscopy

Intracellular Nd**:LaF,NPs distribution was studied
using human monocytic cell line derived from an acute
monocytic leukaemia patient (THP-1). THP-1 cells were
cultured in Roswell Park Memorial Institute Medium
(RPMI-1640) containing 10% fetal bovine serum (FBS) at
37°C in 5% CO,. Cells were sub-cultured every seventh
day. For confocal microscopy experiments, monocytic
cells were differentiated into macrophage-like cells using
Concanavalin A (ConA). Cells were seeded at a density of
100 000 cells/cm?on glass bottom dishes with cell culture
medium containing 30 pg/ml ConA for three days. Dur-
ing this time, cells attach to the glass bottom and develop

macrophage-like morphology. Next, macrophages were
incubated with Nd**:LaF, NPs (100 pug for 500 000 cells) for
2+72 hours.

For microscopy the cells were finally washed twice
with pre-warmed phosphate buffered saline (PBS). For
visualization of lysosomes the washed cells were incu-
bated in PBS with 50 nM LysoTracker Green DND-26 (Mole-
cular Probes’) during 20 min at 37°C in 5% CO,. The nuclei
were stained in PBS with 2 nM Hoechst 33342 (Molecu-
lar Probes’) during 10 min at 37°C in 5% CO,. To acquire
images a laser scanning microscope LSM- 710-NLO (Zeiss,
Germany) was used. The 63x oil Plan-Apochromat objec-
tive with numerical aperture (NA) of 1.4 was used.

The upconversion luminescence of Nd**:LaF, NPs
were excited with a pulse femtosecond Chameleon
Ultra Il laser system (Coherent, USA), tunable in the 690+
1060 nm range, 80 MHz pulse laser, 140 fs pulse width.

The power density produced by the scanning laser
beam emerging from the objective lens in the object
plane was calculated as follows. The size of this focusing
laser spot, assuming uniform illumination, is a function
of the excitation wavelength (A_ ) and the parameter NA
of the objective:

Sspotsize = 1.22?»exc/ NA

Thus, for a wavelength of 738 nm and a 63xOil objec-
tive with aperture NA = 1.4, the spot size was ~640 nm,
for a wavelength of 795 nm ~690 nm. Accordingly, for
the 1% laser power or T mW measured at the output of
the objective with the LabMax-TO laser power meter
(Coherent, USA) the power densities are 0.313 MW/cm?
(for 738 nm laser) and 0.263 MW/cm? (for 795 nm laser).
The dose of laser radiation with a single scan at speed
2.55 us/pix was 0.80 J/cm? for 738 nm laser and 0.67 J/cm?
for 795 nm laser, respectively.

The luminescence emission was detected by the 32
channel GaAsP detector in VIS spectral range 400+750 nm.
To discriminate between Nd** upconversion lumines-
cence and fluorescence of LysoTrackerGreen DND-26 or
Hoechst 33342, “Online Fingerprint” mode was used. For
this purpose, the upconversion luminescence spectra of
the Nd**:LaF, NPs and fluorescence of LysoTrackerGreen
DND-26 or Hoechst 33342 at the same two photon excita-
tion were detected beforehand. As fluorescence of Lyso-
TrackerGreen DND-26 or Hoechst 33342 has gently slop-
ing broad line in the range 400-600 nm, and upconversion
luminescence Nd** ions has characteristic comb of narrow
peaks, then the total fluorescence corresponding to each
pixel can be decomposed into the components [17].

The Nd**:LaF, NPs upconversion luminescence
intensity dependence from pump power

The Nd**:LaF, NPs upconversion luminescence inten-
sity dependence in VIS spectral range 400+750 nm
on 140 fs pulse width 80 MHz pulse laser pump power
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varying in 0.1+5.5 MW/cm? at 738 and 795 nm wave-
lengths was measured using 32 channel GaAsP photo-
multiplier detector in LSM-710-NLO. The obtained spec-
tral images were used to plot the intensity dependences
of the upconversion luminescence for individual Nd3*
electronic transitions.

Transmission electron microscopy (TEM)

For TEM experiments, THP-1 cells were differentiated
into macrophage-like cells using phorbol 12-myristate
13-acetate (PMA). The cells were seeded at a density of
50 000 cells/cm?in cell culture medium in the presents of
PMA at final concentration of 200 nM for differentiation
for three days. After differentiation, macrophages were
incubated with Nd**:LaF, NPs (100 pg for 100 000 cells)
for 48 hours.

Cells were then gently washed with pre-warmed PBS,
trypsinized for 5 min at 37°Ciin 5% CO, and fixed with 4%
methanol-free paraformaldehyde (PFA) overnight in the
fridge to produce pellets. Then the pellets were washed
three times with double distilled water (ddH,0) and 0.1
M cacodylate buffer. For TEM contrast, the pellets were
stained with 2% osmium tetroxide (OsO,) and 1.5% potas-
sium ferricyanide for 1 hour. Next, the pellets were washed
with ddH,O and gradually dehydrated using an ethanol
gradient (20%, 40%, 60%, 70%, 80%, 90%, 95%, 100%
(3x)) for 5 min. The pellets were embedded to epoxy resin
(EPON 812) according to procedures described in the man-
ufacturer’s protocol. Resin blocks were cured in the oven
for 72 hours, trimmed with a razor blade and sectioned in
100 nm sections using an ultramicrotome. Acquired thin
sections were imaged using JEOL 2000FX at 80 kV.

Results and discussion

Nd**-doped LaF, nanoparticles are synthesized via
microwave assisted hydrothermal reaction. HR TEM
results show that synthesized Nd**:LaF,NPs are crystal-
line with elongated or hexagonal form and a size around
15t0 20 nm (Inset on the Fig. 2). The hydrodynamic size of
the particles in colloid is amounted to be 70 nm. The col-
loidal solution remains stable more than 6 months with-
out noticeable precipitation, because of PVP envelope
for each NP. The (-potential of these NPs was 13.7+0.9 mV,
which is similar to the results obtained for other PVP-
functionalized nanoparticles.

The energy level scheme for the trivalent neodymium
ions in a Nd** LaF crystal is plotted on the base of litera-
ture data (Fig. 1) [18, 19].

The absorption spectra, NIR luminescence spectra of
the Nd**:LaF, NPs aqueous colloidal solution, obtained
by excitation with 800 nm wavelength at 1 W/cm? of con-
tinuous wave (CW) laser, and upconversion luminescence
obtained with 738 nm and 795 nm wavelengths of fem-
tosecond laser; at 1T MW/cm? average power density are
presented in Fig. 2.
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Fig. 1. The energy level diagram of Nd** ions in the LaF, host matrix
Puc. 1. inarpamma ypoBHeit sHeprumn noHa Nd** B gonupytowiein
marpuue LaF,

At both types of excitation, 738 nm and 795 nm, the
upconversion luminescence has almost equal inten-
sity and shows different spectral bands of Nd** (Fig. 2).
The laser excitation at 795 nm induces the *I, —°H, ,
“F, . transition of Nd** ions, followed by nonradiative

5/2
relaxation to the *F,_ metastable state. The laser exci-
—*F_ _, 2S. _ transition

tation at 738 nm induces the A,,~>F,. %S,

of Nd** ions, followed by nonradiative relaxation to
the *F, , metastable state. At a sufficient power density,
the next photon induced absorption transition from
the excited *F, , state (exited state absorption process,
ESA). In addition, there is a resonance cross-relaxation
(*F, 'L, L,,—~1,;,) transitions from this state, but it
is not involved in the upconversion. Thus, the *P, _ level
is excited, followed by nonradiative relaxation to the
‘G, °K,,, metastable state and then to the *G, , state.
When the third photon is absorbed, the levels higher
than P,  are populated (Fig. 1).

The upconversion luminescence intensity Ijs in the
VIS spectral range depends on the pumping power
Ip as Iyjs o I," where n is the number of NIR photons
which are absorbed for emission of one photon in the
VIS range [20].

However, in practice, deviations from this depen-

dence can be observed. The slope of the dependence
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Fig. 2. Nd*":LaF NPs spectra: absorption, upconversion luminescence at fs pulsed excitation 738 nm and 795 nm, NIR luminescence at

excitation 800 nm; on the inset is HRTEM image of Nd**:LaF, NPs

Puc. 2. Cnektpbl HY Nd3+:LaF3: NornoLLeHWe, an-KOHBEPCUOHHAA AFOMUHECLLEHLMA NPU GEMTOCEKYHAHOM UMMYAbCHOM BO36Y>XAEHUMU
738 HM U 795 HM, BUK AtomuHecueHUUs npu Bo36yxxaeHun 800 HM; Ha BCTaBKE — BbICOKOpa3peLlaloLwas npoceeymBaLLas

3INEKTPOHHaA Mukpockonua HY Nt:|3*:LaF3

of the upconversion luminescence intensity on the
pump power is determined by the competition between
relaxation processes and upconversion during the
population of excited states of the acceptor. The slope
depends on energy transfer to impurity ions, energy
migration among donor ions, the inhomogeneous dis-
tribution of doping ions in the matrix, and temperature
[21]. In our experiments, the dependence of the intensity

of the transition °P, -1, . and *D, —I, , (420+460 nm),

1. [AU] / IHTEHCMBHOCTb an-KOHBEPCUOHHOI NloMuHecueHumn [OTH. ea.]
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Fig. 3. The pumping power dependence of Nd**:LaF, NPs upcon-
version luminescence intensity under 795 nm excitation
Puc. 3. 3aBUCUMOCTb MUHTEHCUBHOCTU aN-KOHBEPCUOHHOW JTIOMMU-
HecueHuuun HY Nde"':LaF3 OT NJIOTHOCTU MOLLHOCTU HAKa4Ku nNpu
BO30YKAEHUU 795 HM

P ,—1,,, and *G,,, K, —*1 , (500+550 nm), *G,, -, ,
and *G,, °’K,,—* , (560+600nm), ‘D, —*F  and
‘G, °K;,,~1,,, (620+660 nm) on the incident pump
power (in the range 0.5+2 MW/cm?) gives values of 1.5,
1.5, 1.3 and 1.5 for n, respectively, which indicate two-
photon upconversion processes (Fig. 3).

The exponent n, if smaller than unity, is related to
deactivation processes. The upconversion efficiency for
studied NPs is far from ideal, but using a pulsed laser for
excitation makes it possible to produce images without
visible cell structures damage. Similar orders of power
density (35 kW/cm? + 3.6 MW/cm?) of CW 730 nm laser
was used to obtain two-photon, three-photonimage and
four-photon image of Nd**-doped NPs [15]. Fast scan-
ning speeds can cause artifacts in fluorescence imaging
because of long lifetimes from Nd** NPs. The authors of
this article noted the streaking artifacts at the scan speed
more than 100 ps/pixel. We use scan speed 2.55 us/pixel
to reduce the laser heating effects on cells, and at such
scan speed the streaking effect was not observed.

The images in the Fig. 4 are obtained at the simul-
taneous excitation of the LysoTrackerGreen DND-26 or
Hoechst 33342 and Nd*":LaF, NPs by laser 795 nm with a
power density 1 MW/cm?.

Confocal microscopy indicates cellular uptake of
Nd*":LaF, NPs. After incubation of live cells with NPs, it
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Fig. 4. Confocal fluorescent images of intracellular distribution of Nd**:LaF, NPs on THP-1 cells acquired at excitation wavelengths of
795 nm by separation into individual channels after linear unmixing of spectral image (on the images a, b, c and d the lysosomes are
additionally stained, on the images e, f, g and h the nuclei are additionally stained):

a — deconvoluted from the spectral image signal of upconversion luminescence from the Nd*:LaF, NPs;

b — deconvoluted from the spectral image signal from lysosomes stained with LysoTrackerGreen DND-26;

¢ — bright-field micrographs of the cell taken under visible light;

d - superimposing of a, b and ¢ images;

e — deconvoluted from the spectral image signal of upconversion luminescence from the Nd**:LaF, NPs;
f — deconvoluted from the spectral image signal from nuclei stained with Hoechst 3334;
g — bright-field micrographs of the cell taken under visible light;

h - superimposing of e, f and g images

Puc. 4. KondokanbHoe dnyopecueHTHoe n3o6paxeHne BHYyTpUKneTouHoro pacnpegenenus H4 Nd**:LaF, B kneTkax THP-1, nonyyen-
HOe Npu BO30YyKaeHMM 795 HM nyTeM pa3feneHus Ha oTAe/bHble KaHalbl NOC/e JIMHEWHOIO Pa3/ioXKeHUs CEeKTpaibHOro u3oépaxe-
HUSA (Ha u3o6paxkeHusx a, b, c u d — KNeTKn JONONHUTENbHO OKPaLUeHbl Ha IM30COMbI; Ha U306parkeHusix e, f, g u h — KneTku gononHu-

TefIbHO OKpaLlUeHbl Ha iapa):

a — cuMrHan an-KOHBePCUOHHOM NloMUHecueHumun HY Nd3*:LaF3, BblA€NEeHHbIV U3 CNEeKTPasbHOro U306paXkeHus;
b — BblAENEHHbIN U3 CNEKTPa/IbHOIO N306PaXKEHUs CUrHan NM3ocoManbHoOro Kpacutens LysoTrackerGreen DND-26;

C — n3o6paxkeHne KNeToK B NPOXOASLLEM CBETE;
d — Hano)XeHue ns3o6parkeHuin a, b u c;

€ — CMrHan an-KOHBePCUOHHOM iloMUHecueHummn HY Nd3*:LaF3, Bbl€E/IEHHbIN U3 CMEeKTPaNbHOIro M306pa*KeHus;
f — BblA€/IEHHDbIN U3 CMEKTPaNbHOro M306pa*KeHns curHan agepHoro kpacutens Hoechst 3334;

g — u306parkeHue KNeToK B NPOXoJsLLEM CBETE;
h — HanoxkeHue nzo6paxeHuine, fug

is confirmed that NPs are located inside the cells. The
fluorescence obtained from NPs coincides quite well
with the signal from the stained lysosomes. However, it
is also seen that some NPs are attached to the inner and
outer membranes. Also, some of the bigger aggregates,
not associated with the uptake, are visible. From the con-
focal microscopy images it is obvious that the Nd**:LaF,
NPs are located in macrophage-like THP-1 cells closer to
the cytoplasm membrane, but also occur throughout the
cytoplasm. In the cytoplasm, NPs formed clusters, fea-
sibly, are occur in small spherical endosome-like organ-
elles, but not all organelles containing NPs are stained as

lysosomes. Some of the NPs are attached to the surface
of the cells from the outside, and in addition, the NPs
aggregates at the bottom of the Petri dish can be seen.
Perhaps such a distribution of NPs is associated with their
positive surface charge.

A more detailed Nd*:LaF, NPs distribution within
the THP-1 cell can be seen on the TEM image (Fig. 5). The
images clearly indicate uptake of NPs into vesicles and their
aggregation in the live cells. On the right image on the Fig.
5 protrusion of the plasma membrane for phagocytosis is
observed. TEM indicate the presence of NPs in the endo-
somes and on the plasma membrane outside the cell.
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Fig. 5. TEM images of differentiated THP-1 cells after being exposed to Nd**:LaF, NPs for
48 hour: white letter N mark nuclei, red arrows indicate NPs

Puc. 5. lpocBeuynBalowan 3aneKTpoHHas MUKpocKonua auddepeHUMpoBaHHbIX KNETOK
THP-1 nocne nHuky6auuu ¢ H4 Nd3*:LaF3 B TeyeHue 48 u: aapa oTMeyeHbl 6e1biMu GyKBamu

N, HY yKa3aHbl KpacHbIMU CTpenKamMmu

Cellular uptake of NPs is strongly dependent on their
surface charge. It has been shown that positively charged
NPs are more permeable for cells [22]. Studied PVP envel-
oped Nd**:LaF, NPs show a small positive charge. In gen-
eral, hydrophilic sodium fluoride-based NPs doped with
lanthanide ions have very low toxicity to granulocytes
from the phagocytosis point of view [23]. Their uptake
by macrophage-like cells THP-1 was observed from two
hours to three days.

Conclusion

Accumulation of Nd**:LaF, NPs in living cells was
demonstrated by detecting upconversion luminescence
with laser scanning confocal microscopy. Despite the low
quantum yields of the VIS upconversion luminescence
for the Nd*:LaF, NPs in aqueous colloidal solutions,

JINTEPATYPA

1. Escudero A., Carrillo-Carriéon C., Zyuzin M.V., Parak W.J. Lumines-
cent rare-earth-based nanoparticles: a summarized overview of
their synthesis, functionalization, and applications // Top Curr
Chem (Cham). - 2016. - Vol. 374(4). - P. 48. https://doi.org/10.1007/
s41061-016-0049-8.

2. Ma D, Xu X, Hu M, et al. Rare-earth-based nanoparticles with
simultaneously enhanced near-infrared (NIR)-visible (Vis) and
NIR-NIR dual-conversion luminescence for multimodal imaging
// Chem Asian J. - 2016. - Vol. 11(7). - P. 1050-1058. http://dx.doi.
org/10.1002/asia.201501456.

3. Li X, Wang R, Zhang F, et al. Nd** Sensitized up/down converting
dual-mode nanomaterials for efficient in-vitro and in-vivo bioimag-
ing excited at 800 nm // Sci. Rep. - 2013. - Vol. 3. - P. 3536. http://
dx.doi.org/10.1038/srep03536.

4. Wang Z., Zhang P, Yuan Q., et al. Nd*"-sensitized NaLuF, lumi-
nescent nanoparticles for multimodal imaging and tempera-
ture sensing under 808 nm excitation // Nanoscale. — 2015.
- Vol. 7(42). - P. 17861-17870. http://dx.doi.org/10.1039/
C5NR04889C.

when pulse excitation is used, it is possible to reliably
record the VIS signal of Nd**:LaF, NPs upconversion lumi-
nescence at 1 MW/cm? power density, still not destroying
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I,,,—’H,,,, gives almost equal the upconversion lumines

cence intensity from the Nd** bands.
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