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Abstract Pr3+:LaF3 (CPr = 1%) nanoparticles were
characterized by means of transmission electron micros-
copy (TEM), X-ray diffraction, energy-dispersive spec-
troscopy, and optical spectroscopy. The obtained 14 nm
Pr3+:LaF3 (CPr = 1%) crystalline hexagonal-structured
nanoparticles contain Pr, La, and F only. The lumines-
cent spectra emission bands corresponded to the emis-
sion bands of Pr3+ions. The Pr3+:LaF3 (CPr = 1%) nano-
particles effectively interact with A 549, LEС, and
MDCK cells. By means of TEM, it was revealed that
after 2 h of the nanoparticle exposure, A 549, MDCK,
and LEС cells internalized the nanoparticles and 20–
300 nm agglomerates of the nanoparticles packed into
200–500 nm vesicles were found into the cytoplasm. It
s eems tha t t he in t e rna l i z a t i on occu r s v i a
macropinocytosis. In A 549 cells, some vesicles were
disrupted and the nanoparticles escaped the vesicles

floating freely in the cytoplasm. Flow cytometry
showed that all the cells effectively interact with nano-
particles. This interaction leads to cell granularity
change. Specifically, A 549,MDCK, and LEС, and cells
treated by nanoparticles have the values of size scattered
signal 16 ± 2, 20 ± 3, and 39 ± 3%, respectively, com-
paring with the untreated cells. The Pr3+:LaF3 (CPr =
1%) nanoparticles were not found into the cellular or-
ganelles. The cytotoxicity of the Pr3+:LaF3 (CPr = 1%)
nanoparticles is not significant at concentrations of 0.05,
0.1, 0.25, and 0.5 g/L.

Keywords Pr3+:LaF3 nanoparticles . Fluoride
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Introduction

In modern life, luminescent nanomaterials are widely
used in different branches of science and industry
(Gnach et al. 2015; Nel et al. 2009; Lellouche et al.
2012). Among the huge variety of luminescent
nanomaterials, rare earth (RE)-doped fluoride nanopar-
ticles hold a special place mainly because of their ex-
cellent photostability, long luminescent lifetimes (mi-
cro- to milliseconds), sharp emission bands, high chem-
ical stability, and lack of photobleaching (Dong et al.
2015; Jalil and Zhang 2008; Ximendes et al. 2016;
Bekah et al. 2016). Indeed, the RE doper fluoride nano-
particles demonstrate their applicability in bioimaging
(Dong et al. 2015), hyperthermia with subcutaneous
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thermal sensing (Ximendes et al. 2016), “hybrid”
radiotherapy–photodynamic therapy (Bekah et al.
2016), protection of cells against oxidative stress
(Shcherbakov et al. 2015), temperature sensing of a
single cell (Jaque and Vetrone 2012), etc. For all these
biomedical applications, the toxicology concerns and
features of interaction between nanoparticles and living
cells should be studied as thoroughly as possible. It is
noteworthy that in biomedical applications the nanopar-
ticles are usually coated by biocompatible polymers.
However, the efficiency of coating procedure is still a
matter of concern and some nanoparticles may remain
uncoated. More importantly, the lifetime of such coating
into harsh physiological conditions is not predicted and
depends on many factors. Hence, the studying of toxic-
ity and cellular uptake of bare unmodified nanoparticles
is fundamental and prior tack before taking into consid-
eration the coating.

Unlike relatively well-studied toxicity of Au, Ag,
SiO, TiO2, ZnO, and CdSe nanomaterials, the toxicity
of RE-doped nanoparticles, including fluoride ones, is
not well studied yet (Nel et al. 2009). Although the
previous study revealed low toxicity of some fluoride
nanoparticles (Xing et al. 2012; Wang et al. 2013;
Shcherbakov et al. 2015; Gnach et al. 2015;Wysokińska
et al. 2016), additional study is still required. In partic-
ular, in Xing et al. (2012), it is shown that Tm3+:NaYbF4
nanoparticles demonstrate very low toxicity toward hu-
man liver cells (HL 7702) and murine macrophage cells
(RAW264.7). It is shown in Jalil and Zhang (2008) that
silica-coated Yb3+/Er3+:NaYF4 nanoparticles demon-
strate negligible toxicity toward bone marrow-derived
mesenchymal stem cells, and it is proved that these
nanoparticles do not cause membrane damage. A work
(Zhou et al. 2011) also confirms low toxicity of citrate-
capped Gd3+/Yb3+/Er3+:NaYF4 nanoparticles toward
the human nasopharyngeal epidermal carcinoma cell
line KB cells. It was proven that these nanoparticles
penetrate the cell membrane of living KB cells. On the
other hand, PIE-coated Yb3+/Er3+:NaYF4 nanoparticles
cause cell membrane disruption because of the positive-
ly charged PIE coat. It should be mentioned that in all
these cases, in vitro toxicity is estimated via calorimetric
MTT assay. In addition to the nanoparticle toxicity, type
of cell exposed to the nanoparticles also plays an impor-
tant role in toxicity. This is due to the variation in cell
physiology (epithelial or lymphoid), proliferation state
(tumoral or resting cells), membrane characteristics, and
phagocyte characteristics among different cell types.

According to the literature data, unmodified RE-doped
fluoride nanoparticles are easily internalized by living
cells. For example, in Shcherbakov et al. (2015), it was
proved that unmodified Tb3+:CeF3 nanoparticles are
internalized by HeLa cervical cancer cells even after
5 min of nanoparticle exposure. Nanoparticles are inter-
nalized by different types of endocytosis that differ by
mechanism, size, and type of cargo to mention a few.
The four major types of endocytosis recognized are
phagocytosis, pinocytosis, clathrin-mediated endocyto-
sis, and caveolae-mediated endocytosis (Oh and Park
2014; Ribeiro et al. 2016). Furthermore, the definition of
a type of endocytosis and its efficiency remain a very
important task.

Although, the RE-doped NaLnF4 (Ln = Y, Gd) nano-
particles are considered very efficient nanomaterials, the
RE-doped trifluoride (LnF3 (Ln = Ce, La)) are no less
effective for a broad list of applications.

It seems that toxicity of RE-doped NaLnF4 (Ln = Y,
Gd) is relatively well-studied. Also, there have been the
reports on the low toxicity of trifluoride CeF3 nanopar-
ticles (Shcherbakov et al. 2015). However, toxicology
studies of LaF3, as well as other trifluorides, are rather
rare (Wang et al. 2013). In turn, the discussed RE-doped
NaLnF4 (Ln = Y, Gd) nanoparticles can significantly
differ from trifluoride (LnF3 (Ln = Ce, La)) ones by
surface charge density. Indeed, the surface charge den-
sity of nanoparticles plays an important role in the
interaction of nanoparticles with living cells (Nel et al.
2009). It was reported in Ladol et al. (2016) that the
charge density of the surface of the NaLaF4 highly
depends on the ionic radius of the doping ions which
replace the La3+ in NaLaF4. Moreover, the ionic radii of
Na+ (0.227 nm), Y3+ (0.101 nm), and Gd3+ (0.105 nm)
are significantly less than ionic radii of Ce3+ (0.248 nm)
and La3+ (0.250 nm). The surface charge density of
trifluoride (LnF3 (Ln = Ce, La)) and NaLnF4 (Ln = Y,
Gd) nanoparticles is different. According to these con-
clusions, it is believed that the features of interaction of
trifluoride (LnF3 (Ln = Ce, La)) with living cells differ
from these features for NaLnF4 (Ln = Y, Gd) nanoparti-
cles. Hence, the safe industrial and scientific operation
standards or recommendations for NaLnF4 (Ln = Y, Gd)
nanoparticles cannot be extrapolated to the working
with trifluoride (LnF3 (Ln = Ce, La)) nanoparticles.
The additional studies of trifluoride (LnF3 (Ln = Ce,
La)) are highly demanded.

In this work, we focus on studying of toxicity and
cellular uptake of Pr3+:LaF3 nanoparticles toward lung
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carcinoma (A 549), Madin–Darby canine kidney
(MDCK), and lung epithelial of a cow (LEС).

Pr3+:LaF3 nanomaterials are considered very prom-
ising in a broad list of biomedical applications
(Pudovkin et al. 2016). It has been reported in Rai
et al. (2006), Kamma et al. (2009), Kaczkan et al.
(2013), Pudovkin et al. (2017), Pudovkin et al. (2019),
and Rakhmatullin et al. (2019) that because of thermally
coupled 3P1 to 3P0 electronic states of Pr3+ ions Pr3+-
doped nanomaterials can be used as nanothermometers
operating into broad temperature range including phys-
iological one. These facts pave the way toward thermal
sensing of a single cell in vitro (Yang et al. 2011;
Pudovkin et al. 2018) toward some other biomedical
and industrial applications. The emission spectrum of
Pr3+ in lanthanum fluoride host matrix overlaps with
photosensitizers, such as acridine (C13H9N) and cya-
nine, which are highly relevant in “hybrid”
radiotherapy–photodynamic therapy (PDT) mentioned
previously.

The main goal of this work is to provide additional
information concerning the cytotoxicity of Pr3+:LaF3
nanoparticles and features of their interaction with eu-
karyotic cells (Semashko et al. 2018).

Materials and methods

Synthesis and characterization of Pr3+:LaF3 (CPr = 1%)
nanoparticles

The Pr3+:LaF3 (CPr = 1%) nanoparticles were synthe-
sized via the co-precipitation method (Pudovkin et al.
2018 Alakshin et al. 2014, 2016). In order to synthesize
Pr3+:LaF3 (CPr = 1%) nanoparticles, 0.04 g of Pr2O3 and
4.00 g and La2O3 were added to 85 mL of 10% nitric
acid in a glass beaker. Both mixtures were heated to
50 °С and stirred for 45 min until a transparent solution
appeared. Then, the mixtures were filtered, poured in
polypropylene glasses, and put on magnetic mixers
(400 rpm). The solutions of NaF were prepared by
adding 3.8 g of NaF into 500 mL of distilled water.
The NaF solution was swiftly poured. Then, the pH was
adjusted to 4 by adding a 25% solution of ammonium
hydrate. Then, the mixture was stirred for 30 min
(400 rpm) and washed by centrifugation (Janetski
K24; 12,000 RPM) using deionized water for several
times. Then, the 10.0 g/l colloidal solution of the nano-
particles was obtained. The hydrodynamic radii were

measured via DLS. In order to obtain a colloidal solu-
tion of the nanoparticles into the Eagle’s (MEM) bio-
logical medium, the nanoparticle suspension in distilled
water was added to the cultural medium in a ratio of 1/
10 (v/v), and, then, the size distribution was measured
via DLS.

The phase composition of the material was charac-
terized by an X-ray diffraction method with Shimadzu
XRD-7000S X-ray diffractometer.

In order to measure nanoparticle sizes and the rate of
nanoparticle agglomeration in different mediums, the
size distributions and average hydrodynamic radii in
water and minimum essential medium Eagle’s (MEM)
biological mediums were characterized by means of
DLS with Photocor-FC spectrometer. A total of 1 ml
of 10 mM water colloid solution of Pr3+:LaF3 (CPr =
1%) nanoparticles were added to 4 ml of distilled water
and Eagle’s (MEM) biological medium. After 10 min of
sonication (ultrasonic cleaner model UD100SH-2LQ,
ultrasonic power 100 W), the suspensions became ho-
mogeneous by necked eye, and, then, after 1 h, all the
necessary measurements were carried out.

The luminescence spectra were recorded using CCD
spectrometer (StellarNet), which detects the emission in
200–1100 nm spectral range with a spectral resolution
of 0.5 nm. The optical parametric oscillator laser system
(420–1200 nm) from JV LOTIS TII was used for exci-
tation of the luminescence of the samples. The pulse
width and the pulse repetition rate were 10 ns and 10Hz,
respectively. The spectral width of laser radiation was
less than 0.15 nm. The experiments were carried out at
room temperature.

Cell preparation and cytotoxicity assessment
of Pr3+:LaF3 (CPr = 1%) nanoparticles

The cells were purchased in Russian collection of ver-
tebrate cell cultures, Russian Academy of Sciences, St.
Petersburg, Russia. Lung carcinoma (A 549), Madin–
Darby canine kidney (MDCK), and lung epithelial of
cow (LEС)were cultured in Eagle’s (MEM) biological
medium with Hank’s salts supplemented with 10% fetal
calf serum (HyClone, Australia), glutamine (2mM), and
penicillin and streptomycin (100 IU/mL) at 37 °C in 5%
CO2 humidified atmosphere.

The cytotoxicity of the nanoparticles was ana-
lyzed via the colorimetric MTT assay. The test pro-
tocol for cytotoxicity evaluation was adopted from
elsewhere (Kamma et al. 2009). Nanoparticle
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suspension in distilled water was added to the cul-
tural medium in a ratio of 1/10 (v/v) for each con-
centration. Then, the obtained suspension was soni-
cated for 10 min until the suspension appeared ho-
mogeneous to the necked eye. The cells were treated
with the nanoparticles at 0.5, 1, 2.5, and 5 mM.
Exposure time was 24 h at 37 °C in humid air
(98%) containing 5% CO2. Three hours prior to
the end of the exposure period, MTT (3-(4,5-dimeth-
yl-2-thiazolyl)-2,5-diphenyl-2Htetrazolium bromide,
Sigma-Aldrich, #M5655) solution in PBS (5 mg/ml,
20 μl/well) was added to the cells. After the com-
pletion of the exposure period, the supernatant was
removed, and 100 μl/well solution containing 10%
SDS (Sigma-Aldrich, #L3771) in PBS was added.
Absorbance at 570 nm of each well was measured
using a microplate reader (Biorad, xMark). Each
experiment was repeated 2 times, with five replica-
tions. The incubation time (120 min) for internali-
zation study was measured between the moment of
adding the NPs and the moment of fixing by glutar-
aldehyde or between the moment of adding the NPs
and the moment of performing flow cytometry
experiments.

Flow cytometry

In this work, the possibility of internalization of
Pr3+:LaF3 (CPr = 1%) nanoparticles by the A549,
MDCK, and LEC cells was investigated via flow
cytometry. The cell monolayer was trypsinized, and
the cell suspension was precipitated by centrifuga-
tion (1500 rpm, 5 min). The supernatant was re-
moved, the cells were resuspended in a complete
Eagle’s (MEM) medium at a concentration of
106 cells/ml, and a suspension of nanoparticles in
distilled water was added. The final concentration of
the nanoparticles was 0.1 g/l for all cases. The
incubation time of the nanoparticles and cells was
120 min. A cytometric assessment of the internali-
zation of nanoparticles by cells was performed using
flow cytometry, analyzing changes in the intensity
of side scattering signal (SSC) of the cells. The
value of the SSC is proportional to cell granularity.
During the experiments, we compared values of
SSC of untreated cells and cells treated by the
NPs. FACSCanto II cytofluorometer (BD, USA)
was used in the work. The initial processing of the

results was performed using the FACSDiva Software
(BD) program.

Transmission electron microscopy

Sample preparation: 10 μl of the suspension was placed
on a formvar/carbon lacey 3 mm copper grid, and drying
was performed at room temperature. After drying, the
grid was placed in a transmission electron microscope
using special holder for microanalysis. Analysis was
held at an accelerating voltage of 100 kV in TEMmode,
and the elemental analysis was carried out in STEM
mode, at the same parameters using Oxford Instruments
X-Max™ 80 T detector. Analysis of Pr3+:LaF3 (CPr =
1%) nanoparticles was carried out in a transmission
electron microscope Hitachi HT7700 Exalens.

The control of amount of nitrates in colloidal solution
of the nanoparticles after each stage of centrifugation
was performed by identification test using diphenyl-
amine (diphenylamine test).

Preparation of the samples of A549, LEC, and
MDCK cells treated by Pr3+:LaF3 (CPr = 1%) nanopar-
ticles for TEM was carried out as follows:

1) Separate the cells from the incubation medium by
centrifuging for 5 min at 1000 rpm;

2) The supernatant containing non-cell-bound nano-
particles was removed, resuspended in PBS, and
then centrifuged again, repeating it three times;

3) After the cells were resuspended in 1 ml of PBS,
1.5 ml was transferred to the Eppendorf;

4) Centrifuged at 4000 rpm in an Eppendorf 5412
microcentrifuge for 5 min;

5) The supernatant was carefully removed, 1.5 ml of
glutaraldehyde was added, and it was left at + 4 °C.

6) Samples (system “cells + nanoparticles”) were pre-
pared for TEM.

The samples were fixed overnight in 2.5% glu-
taraldehyde prepared in 0.1 M phosphate buffer
(pH 7.2) at 4 °C, washed three times with 0.1 M
phosphate buffer, and post-fixed by incubation in
1% (w/v) osmium tetroxide in the same buffer
(25 mg/ml) at 4 °C for 4 h. The samples were
dehydrated by passage through a graded ethanol
series (30, 40, 50, 60, 70, 80, 90, and then 96%
ethanol) before being transferred to 100% acetone
and propylene oxide. Then, the samples were im-
mersed in Epon resin (Fluka, Buchs, Switzerland)
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that contained propylene oxide added in proportions
(v/v) 1:2, 1:1, and 2:1, with each step involving a
12-h incubation. The samples were then embedded
in pure Epon resin. Ultrathin sections (ca. 100 nm)
were prepared using a glass knife on a Leica UC7,
mounted on 200 mesh copper grids, and stained with
2% aqueous uranyl acetate (w/v) for 20 min and
Reynolds’ lead citrate (Reynolds 1963) for 7 min.
The sections were examined using a transmission
electron microscope (HT 7700 Exalens, Hitachi, Ja-
pan) operated at an accelerating voltage of 100 kV.

Results and discussion

Pr3+:LaF3 (CPr = 1%) nanoparticle characterization

Transmission electron microscopy (TEM) data indi-
cate that obtained Pr3+:LaF3 (CPr = 1%) samples
consist of nearly monodisperse well-crystallized
nanoparticles. The shape of the nanoparticles is not
perfectly spherical. An average nanoparticle diame-
ter is 14 ± 2 nm (Fig. 1). Selected area electron
diffraction (SAED) patterns (Fig. 2) correspond to
hexagonal crystal structure and do not contain any
reflections from impurity phases. The presence of
circular rings in the SAED patterns indicates
polycrystallinity of Pr3+:LaF3 samples. No signs of
orientation ordering or oriented attachment of the
nanoparticles are observed. According to the X-ray
diffraction data (Fig. 3a), the Pr3+:LaF3 (CPr = 1%)
nanopa r t i c l e s we r e h ex agona l - s t r u c t u r e d
nanocrystals. Sharp peaks of the patterns (full-width
at half-maximum (FWHM) of (111) peak is 0.512 ±

0.003°) confirm good crystallinity of the nanoparti-
cles. The lattice parameters for Pr3+:LaF3 (CPr = 1%)
nanoparticles are a = 7.123(2) Å and c = 7.297(4) Å.
These values are different from the lattice parame-
ters for LaF3 (JCPDS-32-0483) a = 7.7186 Å and
c = 7.352 Å because of the crystal lattice distortion.
The radius of Pr3+ (1.05 Å) is smaller than that of
La3+ (1.13 Å) due to the lanthanide contraction, so
the cell volume of Pr3+:LaF3 reduces with more
Pr3+ replacing La3+. The average nanoparticle size
was calculated using Debye–Scherrer’s formula:

D ¼ Kλ
βhklCosθ

where D is a mean size of NP, K is a shape factor
(we used K = 0.9), λ is the X-ray wavelength
(0.15418 nm), βhkl (111) is the line broadening at
half the maximum intensity (FWHM) in radians,
and θ is the Bragg’s angle (in °). The D values of
all the nanoparticles are around 12 nm which is in
good accordance with HR TEM data. It can be
concluded that the peak broadening of the XRD
spectra is mainly related to the nanoscale dimen-
sionality of the crystalline particles.

According to DLS data, more than 90% of
Pr3+:LaF3 (CPr = 1%) nanoparticles have the mean
hydrodynamic radius in distilled water around 45 ±
5 nm, and it does not change at least 21 days. The
quantity of the agglomeration of the nanoparticles
with mean hydrodynamic radius more than 1000 nm
is less than 10%. These facts indicate a very lowFig. 1 TEM image of the Pr3+:LaF3 (CPr = 1%) nanoparticles

Fig. 2 SAED patterns of the Pr3+:LaF3 (CPr = 1%) nanoparticles
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degree of huge agglomeration of the nanoparticles
in distilled water colloid solution. In Eagle’s
(MEM) biological medium, more than 90% of
Pr3+:LaF3 (CPr = 1%) nanoparticles have the hydro-
dynamic radii about 110 ± 6 nm. Furthermore, only
6% of the particles are huge (> 1000 nm) agglom-
erates. The value of the mean hydrodynamic radius
is notably more than the mean nanoparticles’ phys-
ical radius, obtained via TEM. It can be suggested
that nanoparticles form small agglomerates as was
shown in Ma et al. (2007) via TEM. Also, it should
be noted that unlike TEM, hydrodynamic radius
does not determine the physical size of the nano-
particle. The hydrodynamic radius steams from the
Stocks–Einstein equation in DLS method (Lim et al.
2013).

The EDX spectroscopy indicates that the
Pr3+:LaF3 (CPr = 1%) nanoparticles contain Pr, La,
and F. Additionally, the diphenylamine test did not
reveal presence of nitrates in the nanoparticles’ col-
loidal solution after the third stage of centrifugation.
According to both methods, 5 stages of centrifuga-
tion (12,000 revolutions/min for 10 min) in water
guarantee thorough absence of nitrates and other
substances.

Room temperature luminescence spectrum of
Pr3+:LaF3 (CPr = 1%) nanoparticles excited by pulse
laser beam at 444 nm is presented in Fig. 3b. The
luminescent spectra have the emission bands at about
487, 523, 537, 580, 601, and 672 nm which are
interpreted as the result of the transition from 3Pj (j = 0,
1, 2) excited states to 3H4,

3H5,
3H5,

3H6, and
3F4 states

Fig.3 a X-ray diffraction pat-
terns of the Pr3+:LaF3 (CPr = 1%)
nanoparticles. b Luminescence
spectrum of the Pr3+:LaF3 (CPr =
1%) nanoparticles obtained at
room temperature (excitation
wavelength λex = 444 nm)
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of Pr3+ions, respectively. The emission bands corre-
sponding to impurities or any unidentified bands are
not found.

The TEM images of the A 549, MDCK, and LEC cells
(control)

TEM images of A 549, MDCK, and LEC cells not
exposed by the nanoparticles are shown in Fig. 4a, b,
and c, respectively. These TEM images serve as control.

The A 549, MDCK, and LEС cells have a polygonal
shape and sheet-like pattern in normal monolayer cul-
ture, which is compatible with its epithelial origin
(Stearns et al. 2001). It is clearly seen that the cell
membrane has distinguishing structural features, includ-
ing different shapes of membrane protrusions for all the
above-mentioned cell lines. Most of these protrusions
are planar folds (lamellipodia-like) with length from 100
to 500 nm, and the rest of them are plasma membrane
extrusions (blebs) having diameter of 30–60 nm. Al-
most the same cell membrane structural features of A
549 cell line were observed in Stearns et al. (2001). The
cytoplasm contains vesicles having diameter from 200
to 500 nm. Apparently, these vesicles are formed by the
above-mentioned membrane protrusions which fused
back into the membrane and trapped extracellular fluid.

The A 549, MDCK, and LEС uptake and cytotoxicity
of the Pr3+:LaF3 (CPr = 1%) nanoparticles

Although the chosen cell lines are epithelial, they
demonstrate notably different uptake efficiency. It
seems that the A 549 cells internalize the nanoparti-
cles more effectively. Nevertheless, after 2 h of nano-
particle exposure A 549, MDCK, and LEС cells
(Figs. 5, 6, and 7, respectively) internalized the nano-
particles and 20–300 nm agglomerates of the nano-
particles packed into 200–500 nm vesicles were
found into the cytoplasm. It seems that the internal-
ization occurs via macropinocytosis classified as the
endocytic process by which cells internalize fluids
and particles together. During macropinocytosis, rel-
atively large vesicles (0.2–5 μm) are formed (Kuhn
et al. 2014 Froehlich & Roblegg 2014, Irvine et al.
1 9 9 9 ) . T h e i n t e r n a l i z a t i o n o c c u r s v i a
macropinosomes which are 100–300 nm in length
(for example, Fig. 5a). Other types of endocytosis
were not observed via TEM under the experimental
conditions. However, in the case of A 549 cells, the

nanoparticles not packed into the vesicles were also
found (Fig. 5c). Moreover, it is clearly seen in Fig. 5c
that one part of the membrane of the vesicle is
destroyed and the nanoparticles are escaping the ves-
icle. Apparently, these freely floating nanoparticles
stem from such destroyed vesicles rather than from

Fig.4 a TEM images of A 549 cells. b TEM images of MDCK
cells. c TEM images of LEC cells
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passive cellular membrane penetration. However,
such a phenomenon was not observed for MDCK
and LEC cells. The process of macropinocytosis of
A 549 cells is the most illustrative (Fig. 5b). The two
~ 220 nm vesicles are seen. One vesicle contains a
180 nm agglomerate of the nanoparticles. The pro-
c e s s o f c ap t u r e o f t h e nanopa r t i c l e s v i a
macropinosome is also clearly observed. The vesicles
of LEС cells differ between each other in size more
significantly comparing with A 549 cells. These

vesicles contain the mean ~ 50 nm agglomerates of
the nanoparticles as well as small agglomerates
consisting of a few nanoparticles.

It is noteworthy that the nanoparticles were not found
in the cellular organelles under the existing incubation
conditions for all the cells. However, the fate of the
nanoparticles into the cells requires more precise
investigations.

As shown in Fig. 8, in general, the cytotoxicity of
the Pr3+:LaF3 nanoparticles is not significant at

5.0μm

Macropinosomes

Planar folds

1.0μ

a)

b)

1.0μ

Membrane disruption

Freely floating 
nanoparticles

c)

Fig. 5 a,b,c TEM images of A 549 cells under nanoparticle exposure
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concentrations of 0.05, 0.1, 0.25, and 0.5 g/L. The
cytotoxic effect starts from relatively high concen-
tration of 1.0 g/L. In particular, for A 549, LEC, and
MDCK cells, the values of survival are around 80%
at 1.0 g/L.

Flow cytometry

Additionally, the interaction of the cells and the nanopar-
ticles was studied via flow cytometry. It is well-known

that presence of nanoparticles into a cell or their sorption
on its membrane increases the SSC intensity (Wysokińska
et al. 2016). For A 549, LEС, and MDCK cells treated by
nanoparticles, the values of SSC are increased by 16, 39,
and 20%, respectively, comparing with the untreated cells.
The flow cytometry data are represented in the Supple-
mentary information file. This fact indicates that nanopar-
ticles effectively interact with the cells. However, the
distinguishing contributions of internalized or adsorbed
nanoparticles require further investigation.

5.0μm

Macropinosomes

Planar folds

1.0μ 1.0μ

b) c)

Fig. 6 a,b,c TEM images of MDCK cells under nanoparticle exposure
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Conclusions

The obtained unmodified Pr3+:LaF3 (CPr = 1%) nano-
particles were characterized by means of TEM, XRD,
DLS, energy-dispersive spectroscopy, and optical spec-
troscopy. The average diameter of the nanoparticles is
14 nm. The nanoparticles form agglomerates in Eagle’s
(MEM) biological medium + FBS. The hydrodynamic
radius of such agglomerates is around 110 nm. The
nanoparticles are hexagonal-structured nanocrystals

without any impurities. The luminescent spectra have
emission bands at about 487, 523, 537, 580, 601, and
672 nm, which are interpreted as the result of the tran-
sition from 3Pj (j = 0, 1, 2) excited states to 3H4,

3H5,
3H5,

3H6, and
3F4 states of Pr3+ions, respectively. Ac-

cording to the energy-dispersive spectroscopy, nanopar-
ticles contain Pr, La, and F only. The nanoparticles form
agglomerates in Eagle’s (MEM) biological medium +
FBS. The hydrodynamic radius of such agglomerates is
around 110 nm.

5.0μm

Planar folds

Micropinosomes

2.0μ
m

1.0μ
m

Fig. 7 a,b,c TEM images of LEC cells under nanoparticle exposure
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The nanoparticles are internalized and adsorbed by
the A549,MDCK, and LEС cells. However, the features
of interaction between the nanoparticles and the A549,
MDCK, and LEС cells are different between each other.
Specifically, bymeans of TEM, it was revealed that after
2 h of the nanoparticle exposure, the A 549,MDCK, and
LEС cells internalized the nanoparticles and 20–300 nm
agglomerates of the nanoparticles packed into 200–
500 nm vesicles were found in the cytoplasm. However,
it seems that A 549 cells internalize the nanoparticles
more effectively. In the case of MDCK and LEС cells,
the number of vesicles filled with nanoparticles is no-
ticeably less in comparison to A 549 cells. It seems that
the internalization occurs via macropinocytosis.

For the first time, for LaF3-doped nanoparticles, it
was revealed that in the A 549 cells, disruption of some
vesicles takes place. This disruption leads to escaping
the nanoparticles from the vesicle to the cytoplasm.
Hence, freely floating nanoparticles in the cytoplasm
are also found. The reactivity of such freely floating
nanoparticles can be higher in comparison to nanopar-
ticles packed to vesicles. Hence, these freely floating
nanoparticles can have the biggest contribution to the
nature of cytotoxicity among other processes. However,
it is still a matter of further investigations. Nevertheless,
the disruption of some vesicles is not observed for RE-
doped NaLnF4 (Ln = Y, Gd). It can be suggested that the
surface charge density or another properties and as
consequence features of interaction between the studied

cells and LaF3-based NPs are unique and require addi-
tional study.

Additionally, the flow cytometry showed that all the
cells effectively interact with the nanoparticles. This
interaction leads to cell granularity change. Particularly,
the A 549, MDCK, and LEС cells treated by nanopar-
ticles have the values of SSC 16 ± 2, 20 ± 3, and 39 ±
3%, respectively, comparing with the untreated cells.
The increasing of SSC qualitatively confirms cellular
uptake as well as adhesion. Finally, the Pr3+:LaF3 (CPr =
1%) nanoparticles were not found into the cellular or-
ganelles under the existing incubation conditions for all
the cells. However, the fate of nanoparticles into the cell
requires more precise investigations.

For the first time, it was revealed that the investigated
nanoparticles are relatively low toxic for the chosen cell
cultures. The cytotoxic effect starts from a relatively
high concentration of 1.0 g/L. In particular, for A 549,
LEC, andMDCK cells, the values of survival are around
80% at 1.0 g/L.

Finally, it can be concluded that unmodified
Pr3+:LaF3 (CPr = 1%) nanoparticles are low toxic. They
can be easily uptaken by the A 549, LEC, and MDCK
cells and can, as consequence, serve as different probes
in different biological applications.
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