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Abstract

The use of UV-C radiation for the treatment of tumors is a stand-alone therapeutic intervention that can induce cellular apoptosis and is indepen-
dent of photosensitizer or oxygen concentration in tumor. To explore the potential of using X-ray excited UV-C luminescent nanoparticles as a
basis for creating drugs to improve radiation therapy, two colloidal solutions of monoclinic La, Pr PO, nanoparticles with different morphologies
of large nanofibers (x = 0.02) or small nanorods (x = 0.05) were prepared using a microwave-assisted hydrothermal method. Comparison of X-ray
excited UV-C luminescence of colloidal solutions showed approximately 6.3 times higher brightness for larger nanoparticles. The intrinsic and
X-ray-induced cytotoxicity of the prepared colloidal solutions on the viability of cancerous Mh22a and healthy L929 cell cultures were studied us-
ing MTT assay and fluorescence microscopy. Fluorescence microscopy showed differences in the types of cell death (apoptosis or necrosis) after
incubation with nanofiber or nanorod samples. X-ray irradiation was performed in two modes with different voltage on the X-ray tube (50 and 80
kV) and the same radiation dose (8 Gy). Groups of cells incubated with nanoparticles and irradiated with 50 kV mode showed greater death rate.
According to MTT analysis, irradiation of cells incubated with La_,.Pr, PO, nanofibers at a concentration of 2 mg/mL reduced survival by 20-30%,
and at the same time, according to fluorescence microscopy data, the number of cells undergoing apoptosis exceeded the number of cells that
died through necrosis and reached 50-70%. Quantitative analysis of the relative number of dead cells caused by X-ray-induced cytotoxicity of
La,..Pr, PO, nanorods did not reveal statistically significant results in reducing cell viability.

Key words: UV-C luminescence, X-ray excited optical luminescence, aqueous colloidal solution of nanocrystals, X-ray induced cytotoxicity, in vitro,
fluorescence microscopy, apoptosis.
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Peslome

Mcnonb3oBaHue YO-C nsnyyeHuns ABAAETCA OTAENbHO CTOALMM TepaneBTUYeCK/M BO3LENCTBUEM Ha PAKOBbIE OMYXOJUN, KOTOPOEe CrIOCO6HO
BbI3blBaTb KJIETOYHbIN anonTo3 v He 3aBMCUT OT GpOTOCEHCMOUNM3aTOPa UM KOHLIEHTPALMM KUCTIOPOAA B onyxonu. [ina uccnefoBaHus no-
TeHLMaa NCrnosib30BaHUA HAHOYACTULL, CMOCOBHbIX K peHTreHontoMuHecueHumun B YO-C ob6nacti, B KauecTBe OCHOBbI AJii CO3A4aHMs Npena-
paTa, HanpaBfIEHHOrO Ha ylyyLleHe JlyYeBor Tepanum, MmapoTepMabHO-MUKPOBOJSTHOBLIM METOAOM OblSIN MPUTOTOBJIEHbI 1Ba KOMTOUAHBIX
pacTBOpa HaHOYACTUL, MOHOKMHHOTO La, Pr PO, ¢ Mopdonoramu KpynHbIX HAHOBOIOKOH (x = 0,02) nnn menkux HaHoctepxHen (x = 0,05).
CpaBHeHue peHTreHonmoMuHecueHunr B YO-C 061acTyi KOMIOMHbIX PacTBOPOB MOKasasno B 6,3 pa3 NpeBOCXOAsALLYy0 APKOCTb AN bonee
KPYMHbIX HaHouacTuL. COBCTBEHHAA U PEHTIEH-MHAYLIMPOBaHHAA LIUTOTOKCMYHOCTb KOMTOMAHBIX PACTBOPOB Ha KyJbType OnyxosieBbiX Kie-
Tok Mh22a n KynbType Knetok L929 6binv nccneposaHbl npu nomoly MTT aHanusa n ¢nyopecLeHTHo MUKpockonumn. OnyopecLieHTHas
MUKPOCKONWA BbisiBUIA Pa3nnuuvs B popme KIETOUHONM CMepTy (anonTo3 Uiv HeKpo3) Nocsie NHKY6aLmy KNeTok ¢ 06pa3LaMy HAHOBOIOKOH
U HaHOCTepPXKHel. ObyyeHne peHTreHOM MPOBOAUN B ABYX PEXMMaX C PasfIMYHbIM HanpsKeHVeM Ha PeHTreHOBCKOW Tpy6Kke (50 munun
80 KB) u c opnHakoBoW o301 065yyeHua (8 Ip). Pynmnbl KNETOK, MHKYOUPOBaHHbIE C KPYMHbIMA HaHOYaCcTML@MI U OBNyUYeHHbIE B PEXN-
Me 50 KB, moka3sanu 6onee Bbicokme nokasatenu rmbenu. CornacHo MTT aHanwusy, ob6syyeHne KNeTok, MHKYOUPOBaHHbIX C HAHOBOTOKHaMU
La, Pr,,,PO, € KOHLEHTpaLyeln 2 Mr/Mi, CHU3UIIO BbIKBAE@MOCTb Ha 20-30%, 1 OAHOBPEMEHHO MO AaHHBIM $/TyOPECLEHTHON MUKPOCKOMUY,
KOJIMYECTBO KINETOK, HAXOAALLYMXCA B anonTo3e, MPEBbICUIO YNCIIO KIIETOK MOrnbLumX nyTem HeKpo3a v focturno 50-70%. KonnyecTBeHHbIN
aHasIM3 OTHOCUTESIbHOTO YKCSIa MOrMOLWX KIETOK, NCCefoBaHHbIX Ha BIIMSAHNE PeHTreH-UHAYLIMPOBAHHON LUTOTOKCMYHOCTM HaHOCTepXKel
La,,Pr,,sPO,, He BbIABMA AOCTOBEPHbIX PE3YbTATOB MO CHUKEHNIO XKN3HECMOCOOHOCTY KNETOK.
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Introduction

A separate mechanism of action on cancer tumors
without the use of a photosensitizer (but not excluding
it) may be the use of nanoparticles (NPs) exhibiting X-ray
excited optical luminescence in the UV-C (200-280 nm)
region. It is known that UV-C quanta have the ability
to initiate cell apoptosis due to direct photochemical
reactions in DNA molecules [1]. This property should
help reduce tissue necrosis, which should facilitate the
body's recovery. Since body tissues strongly absorb UV-C
radiation, to affect deep-seated solid tumors it is necessary
to create a localized source of UV-C quanta, which can
be excited by X-ray irradiation, which easily penetrates
biological tissue. To the best of our knowledge, only one
research group has tested the effect of nanoparticles (NPs)
capable of X-ray-excited optical luminescence in the UV-C
spectral range (lutetium phosphate NPs doped with Pr3*
and Nd** ions) on the deactivation of cancer cells [2-6].
The most significant effects of the combined action of
X-ray-excited UV-C fluorescent nanoparticles and X-ray
irradiation were demonstrated in vitro in [2, 6]. An increase
in the efficiency of radiation exposure under hypoxic
conditions [2] and the possibility of strong inhibition of
cancer spheroid growth as a result of apoptosis, cell cycle
arrest and necrosis [6] were demonstrated.

However, high intensity UV-C radiation can also
be observed in other suitable crystalline matrices
doped with Pr3* or Nd** ions due to the presence of
interconfigurational electronic transitions in these
ions from the excited electron configuration 4f"-'5d'
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to the ground electron configuration 4f" (n = 2 and 3,
respectively). Among them is LaPO, nanocrystals with
monazite structure (m-LaPO,, monoclinic system, P2./n)
doped with Pr3*ions, which also exhibit strong emission
in the UV-C range (220-280 nm) due to 4f'5d" — 3H4, 56
°F, transitions in Pr’* ions under high-energy excitation
[7-12]. Since La** and Pr** ions have close ionic radii and
form the same phosphate crystal structure, a higher
degree of substitution of cations with lower structural
defects can be expected. In addition, the 4f'5d" — 3H6
transition in Pr3* ions has an intensity maximum in the
spectral range of 256 nm [7], which practically coincides
with the absorption maximum of DNA [3]. Based on this,
the aim of this work was to conduct an in vitro study of
the intrinsic and X-ray-induced cytotoxicity of aqueous
colloidal solutions of m-La,_ Pr PO, NPs.

Two colloidal solutions of La, Pr PO, NPs with different
morphologies were synthesized by the hydrothermal
microwave-assisted method: nanofibers (La, 44Pr, ,,PO,)
with NPs length up to 600 nm and diameter up to 15 nm
and nanorods (La,,.Pr, PO, with length up to 80 nm and
diameter up to 10 nm. X-ray excited optical luminescence
spectroscopy in the UV-C region of the obtained samples
in the form of colloidal solutions using a highly sensitive
N_-cooled CCD camera designed for the UV range. The
intrinsic cytotoxicity and X-ray-induced cytotoxicity
of the obtained colloidal solutions of La, Pr PO, NPs
with different morphologies was investigated in vitro by
MTT assay. The X-ray-induced cytotoxicity studies were
conducted using therapeutic X-ray radiation operating
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in two different modes of the X-ray tube (accelerating
voltage 50 and 80 kV) and a total dose of 8 Gy. Groups
of cells irradiated with X-rays under the same conditions
without NPs, as well as irradiated with a UV lamp, were
used as controls. The nature of cell death of the control
groups of cells was studied using double staining of cells
and subsequent fluorescence microscopy.

Materials and Methods

Synthesis  of colloidal  solutions
nanoparticles with different morphologies

The initial chemical reagents used in the synthesis
without further purification include: Pr(NO,),-6H,0
(Aldrich, 99.9% purity), La(NO,)-6H,0 (Aldrich, 99.999%
purity), K,HPO,-3H,0 (RuskKhim, analytical grade), tartaric
acid (hps, analytical grade), 25% aqueous solution of
NH,OH (SigmaTek, analytical grade). Throughout all
syntheses, deionized (DI) water (type 1) from a water
deionizer Crystal EX-1001 (Adrona) was used.

La,..Pr,,,PO, sample consisting of nanofibers
(NPs length & diameter not larger than 600 & 15 nm,
respectively) was prepared with 0.5 mmol of REIs (0.49
mmol of La(NO,),-6H,O and 0.01 mmol of Pr(NO,),-6H,0)
and an anion excess ratio of K HPO, equal to 1.25. The
solution of REls (10 mL) was continuously supplied (0.4
mL/min) using a syringe pump directly into solution
containing excess KZHPO4 (15 mL) with constant stirring.
The formed cloudy solution of gel was diluted with DI
water to a volume of 50 mL (resulting pH = 5), transferred
to a 100 ml autoclave (DAK-100), sealed and treated at 200
°Cfor 2 hours under microwave-hydrothermal conditions
usingaspeedwave XPERT (Berghof Products+Instruments
GmbH) laboratory device with two magnetrons (2.45
GHz, 2 kW maximum output power). After hydrothermal
treatment, the sediment from the bottom of autoclave
was washed twice with a weak solution of HNO, and once
with DI water (80 mL each time) using a centrifugation-
redispersion using a centrifuge (14800 rf, 15 min). After
the third washing, the suspension ring was redispersed
in 5 mL of DI water forming a turbid translucent solution
(pH of the final colloidal solution was 5.3). La,,.Pr, PO,
sample consisting of nanorods (NPs length & diameter
not larger than 80 & 10 nm, respectively) was prepared
with 0.5 mmol of REls (0.475 mmol of La(NO,),-6H,0 and
0.025 mmol of Pr(NO,),-6H,0) and anion excess ratio
of K.HPO, equal to 2. The pH of the REls solution was
adjusted to pH = 8 using alkaline solution of ammonium
tartrate and NH,OH, which acted as a weak complexing
agent, preventing, the formation of hydroxides. After
hydrothermal-microwave treatment (200°C, 2 h), the
precipitate was washed twice with DI water, then
with a weak NH,OH solution using the centrifugation-
redispersion process, followed by redispersion in 5 mL of
DI water, resulting in a transparent colloidal solution (pH
of the final colloidal solution was 7.5).

of La, PrPO,

Transmission electron microscopy

TEM images of NPs were obtained on a Zeiss Libra 200
FTHR microscope under accelerating voltage of 200 kV.The
colloids were highly diluted and applied onto a TEM grid
and dried in vacuum for several hours. ImageJ software
was used to measure sizes of individual nanocrystals by
approximating the length and diameter of the observed
TEM projections with straight perpendicular lines.

X-ray excited optical luminescence spectroscopy of
colloidal solutions

X-ray excitation of the studied samples in the form of
a colloidal solution was performed using X-ray tube MOX-
HPC 150W 60kV equipped with tungsten anode (Moxtek).
The X-ray excited optical luminescence in the UV-C spectral
region was recorded using a HORIBA iHR-550 Imaging
spectrometer (Horiba Scientific) with a diffraction grating
of 1800 grooves/mm and a N,-cooled PyLoN:2KBUV CCD
camera (Princeton Instruments) designed for the UV
spectral range. A self-made objective based on two plano-
convex lenses made of MgF, with a light spot diameter of 35
mm and a focus of 70 mm was used to collect the UV-C light.
Colloidal solutions wereapplied toa polytetrafluoroethylene
(PTFE) substrate as a 0.2 mL drop with NPs concentration of
7 mg/mL. The operating mode of the X-ray tube for both
types of colloidal solutions was: accelerating voltage: 30 kV;
anode current: 2.5 mA; exposure time: 60 s.

Cell strains

The research in the work was carried out on the
mouse cell cultures of Mh22a hepatoma (Biolot) and L929
fibroblasts (National Research Center of Epidemiology
and Microbiology). The cells were grown in flasks with
DMEM culture medium (Servicebio) supplemented with
10% fetal bovine serum (FBS, Biosera) and antibiotics:
100 pg/mL penicillin, 100 pg/mL streptomycin (Paneco).
The incubation of cells was done in cell incubator
(Thermoscientific Midi40), and conditions were standard:
5% CO,, temperature and humidity of the medium 37°C
and 5%, respectively. Cell counting was performed using
0.4% trypan blue solution (Paneco) in a Goryaev chamber.

Design of the experimental in vitro study

The cytotoxicity of La, Pr PO, NPs was determined
using the photocolorimetric MTT assay in accordance with
the international protocol ISO SO 10993-5:2009 “Tests for
In Vitro Cytotoxicity” Cell cultures were seeded at 5000
cells per well and incubated in a 96-well plate for 24 hours
under standard conditions. Then the culture medium
was removed and replaced with a new medium (DMEM
with 1% FBS) containing NPs at a concentration of 0.0625,
0.125, 0.25, 0.5, 1, 2, 4 mg/mL (n=3). The viability of the
cell cultures was determined after 24 hours. After the time
had elapsed, the medium with the studied samples was
removed, the wells were washed twice with phosphate
buffer, then 100 pul of fresh medium (DMEM with 1% FBS)
and 10 pl of MTT solution (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl) tetrazolium bromide) at a concentration
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of 5 mg/mL were added to each well. After 3.5 hours of
incubation, the formed formazan crystals were dissolved
using a DMSO solution, which was added in 150 pl to each
well. The plates were then placed in a thermostatic shaker
(ELMI ST-3L) for 20 min at 37°C, 400 rpm. Optical density
was measured using a Varioscan Lux multimodal reader
(Thermoscientific) at an analytical wavelength of 570 nm
versus a reference wavelength of 650 nm. Cell viability was
assessed by the ratio of the optical density of the samples
to the optical density of the control cells (untreated cells
incubated without additional components or external
influences), expressed as a percentage.

The effect of La, PrPO, NPs on the viability of
Mh22a and L929 cell cultures irradiated with X-rays was
studied using a Terad 200 X-ray therapy apparatus (LINEV
ADANI) equipped with a tungsten anode. The study was
conducted in two modes: 1) the accelerating voltage,
anode current, and Al filter thickness: 50 kV, 20 mA, and
0.5 mm, respectively; 2) the accelerating voltage, anode
current, and Al filter thickness: 80 kV, 15 mA, and 2 mm,
respectively. In both modes, the irradiation dose was 8
Gray. La, Pr PO, NPs at concentrations of 1 and 2 mg/mL
(n=8) were incubated with Mh22a and L929 cell culture
in a 96-well plate (5000 cells per well) for 12 hours. Cell
viability was determined using the MTT assay 24 h after
X-ray exposure according to the protocol described above.

The type of cytotoxicity after incubation of Mh22a
and L929 cells with NPs and exposure to X-ray radiation
was determined using the double staining method and
fluorescence microscopy using an Axio Zeiss Imager A1
microscope (Carl Zeiss Jena). As an additional control,
groups of Mh22a and L929 cells were irradiated with a
UV lamp at 60 J/cm? for 8 min. Selected control groups
of Mh22a and L929 cells were stained with a mixture of
acridine orange (AO) and propidium iodide (Pl) dyes
and then analyzed according to the protocol [13]. AO
penetrates living, apoptotic and dead cells and stains
their nuclei green or orange. In the case of intact DNA,
AO fluoresces green. In early apoptosis, with the initial
chromatin condensation, AO fluorescence appears
yellow-green, and with DNA fragmentation, it appears

orange. In the late stage of apoptosis, when condensed
chromatin disintegrates and the nucleus fragments, the
binding of AO to DNA fragments weakens and the cell
is stained green again. Propidium iodide penetrates only
into dead cells with a damaged membrane (necrotic or
late apoptotic) and stains the nucleus red. Thus, separation
of cells into groups of viable, apoptotic, and necrotic cells
was performed based on the morphological appearance
of the cells. Viable cells (VC) were determined by uniform
green staining and a fusiform shape. The early apoptotic
cells (AC) were determined by cell shrinkage and DNA
fragmentation which appears as bright orange staining
of nuclei, with the borders of the nuclei clearly visible.
The late AC were determined by nuclear disintegration,
resulting in cells with bright green nuclei and cytoplasm.
Additionally, signs of AC included rounding of cells and
small fragments around them — apoptotic bodies. Necrotic
cells (NC) were determined by a damaged membrane, a
red or red-orange nucleus and cytoplasm, and a rounded
shape. The cells that have completed the apoptotic cycle
are then poorly distinguishable from necrotic cells, and
therefore they were also included in the group of NC.
Differentiation of the VC, AC and NC was performed by
counting at least 100 cells in each independent group. The
results were expressed in percentages.

Calculation of cell viability was performed in Excel.
Normality of distribution of the feature by groups was
estimated using the Shapiro-Wilk criterion. It was found
that the distribution of features corresponds to normality,
therefore, comparisons between the groups were
performed using analysis of one-way ANOVA. Statistical
processing and calculation of IC50 were performed in
GraphPad Prism 8.0 (San Diego). Values of P < 0.05 were
considered to be significant for both cytotoxicity and
X-ray induced cytotoxicity of La, Pr PO, NPs. Results were
presented as mean + SD.

Results and discussion

Transmission electron microscopy

As can be seen from the TEM images (Fig. 1), NPs with
different aspect ratios (AR) were obtained: nanofibers

Puc. 1. PasznuyHble mopdonoruu u paamepbl HY La
24): A — HAHOBOJNOKHa La

1x x 4

0.08PY0.02P0,5 B — HAHOCTEPKHU La

0.95Pr0.05

Pr PO,, CUHTE3MPOBaHHbIX r<MAPOTEPMAJIbHO-MUKPOBOIHOBbIM MeTogom (200 °C,
PO,.

Fig. 1. Different morphologies and sizes of La, Pr PO, NPs prepared by microwave-assisted hydrothermal method (200 °C, 2 hours):

A -Lla,Pr, PO, nanofibers; B - La, . Pr, PO, nanorods.
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(nanofiber sample, AR > 30) (Fig. 1a) and nanorods (nanorod
sample, AR = 5) (Fig. 1b). The measured sizes of the NPs from
the nanofiber sample do not exceed 600 nm in length and
15 nm in diameter, and the NPs from the nanorod sample
do not exceed 80 nm in length and 10 nm in diameter. As
follows from the TEM analysis, the sizes of the obtained NPs
strongly depend on the synthesis conditions: pH and the
ratio of excess anions. With an increase in these parameters,
the sizes of the NPs decrease significantly.

X-ray excited optical luminescence spectroscopy of La,_
Pr PO, colloidal solutions

The X-ray optical luminescence spectra in the UV-C
region of the obtained colloidal solutions consist of
three broad luminescence bands of the transitions 4f'5d'
— 3H4, 3HS, 3H6 (3F2) in Pr3* ions (Fig. 2). The noise vertical
lines observed in the spectra are a consequence of the
penetration of X-ray quanta into the CCD camera, which
was located in the path of the X-ray tube window.

The transition from nanofibers to nanorods caused
a strong weakening of the fluorescence intensity. The
observed UV-C luminescence brightness is about 6.3
times higher for the nanofiber sample (Fig. 2, curve A) than
that for nanorod sample (Fig. 2, curve B). For nanofibers,
the intensities of long-wave transition (4f'5d'" — 3H6)
predominate, whereas for nanorods, the intensities of
transitions from 4f'5d" to the levels of the ground triplet
’H, are practically the same.

Intrinsic cytotoxicity of nanoparticles according to MTT
assay

The viability of Mh22a and L929 cell cultures (Fig. 3)
was assessed using the MTT assay after 24 h of incubation
with La . Pr, PO, nanorod and La ,Pr, PO, nanoﬁber
samples at different concentrations of NPs (0.0625 —
mg/mL) in DMEM culture medium. Cytotoxicity for aII
samples was observed at a NPs concentration of 4 mg/mL.

UV-C intensity, arb. units /
J/]HTeHCI/ICbHOCTb Y®-C, ycn.eg.

N,

220 230 240 250 260 270 280
Wavelenght, nm /
[nunHa BonHbI, HM

Puc. 2. YO-C cneKTpbl peHTreHONOMUHECLIEHLMU KOJITOUAHbIX
pacTeBopoB (7 mr/mn): A — HaHoBoJIOKHa La, . Pr, ,PO,; B — HaHo-
crepxuu La  Pr, PO,. Pexxum pa6oTbl peHTreHOBCKOM TPYyGKH:
ycKopsitouwee HanpsikeHne 30 KB, aHoaHbIV TOK 2,5 MA, Bpems
3Kcnosuuum 60 c.

Fig. 2. X-ray excited UV-C spectra of colloidal solutions (7 mg/
mL) samples: A - La ,.Pr, PO, nanofibers; B - La,Pr,  ,PO,
nanorods. X-ray tube operating mode: accelerating voltage 30 kV,

anode current 2.5 mA, exposure time 60 s.
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Puc. 3. Pe3synbtatel MTT aHanu3a no BbIXXMBAeMOCTU KJETOK
Mh22a (A) n L929 (B) nocne 24 yacoB UHKy6aLMUKU C HAHOCTEPXK-

HAamu La Pr, PO, (cnnowHbie cTon6ubl) 1 HAaHOBOIOKOHaMM
La, ,4Pr, ,,PO, (uTpMxoBaHHbIE CTONGLbI) NPU Pa3HbIX KOHLEHTPa-
umax HY.

Fig. 3. Results of MTT assay for viability of Mh22a (A) and L929
(B) cells after 24 hours of incubation with La . Pr, . .PO, nanorods

(solid bars) and Lag,Pr, PO, nanofibers (hatched bars) at

different NPs concentrations.
At concentrations in the range of 0.0625 - 1 mg/mL, cell
viability was more than 90% for both types of NPs.

For the studied samples of colloidal solutions, the
calculated IC50 parameters (Table 1) indicate that they can
be classified as low cytotoxic compounds for Mh22a and
L929 cell cultures (according to the international standard
ISO SO 10993-5:2009). As can be seen for the Mh22a cell
line, the nanofiber sample has a slightly higher IC50 value
than the nanorod sample. For the L929 cell line, IC50 is
slightly higher for the nanorod sample. This may be due
to the fact that the nanorod and nanofiber samples were
treated differently at the washing stage (washings with
addition of NH,OH or HNO,, respectively), which may
cause different cell responses to NPs depending on the
cell line. However, the observed difference in IC50 values
is quite small.

Cytotoxicity after X-ray irradiation according to MTT
assay

The X-ray irradiation modes on the cell samples were
selected to cause low cell death of the control groups
of Mh22a and L929 cells (about 10%) (Figs. 4A and 5A,
respectively). The irradiation dose was based on previously
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Ta6nmua 1 and 25% (for irradiation modes 1 and 2, respectively)
NA,, Ans nccnepoBaHHbLIX 06pa3LIoB No pesynLTaTam compared to the group of cells incubated with the
III\./H;rIar;.anusa same conditions without exposure to X-rays (Fig. 4E).
Igso :f the studied samples according to MTT assay For the group of L929 cells incubated with the. sample
of La Pr PO, nanofibers at a NPs concentration of 2

Kynbtypa O6pasey HY mg/mL, the cell viability decreased by 24% and 17% (for
KneTok irradiation modes 1 and 2, respectively) compared to

the group of cells incubated with the same conditions
without exposure to X-rays (Fig. 4J). Thus, the results of the
2.082 MTT assay after the addition of NPs and X-ray irradiation
showed a slightly stronger effect on Mh22a cancer cells

La, 4sPr,0sPO, HaHOCTEPXKHN
La,,.Pr, PO, nanorods

Mh22
a la_ Pr._PO than on L929 healthy fibroblasts. Unfortunately, MTT
a,05P",4,PO, HAHOBONOKHA 2556 . o .
La. Pr. PO fib . results for X-ray irradiation of both cell cultures incubated
Q05" Toa" Y, NANOTIDETS :
with 1and 2 mg/mL of La Pr, PO, nanorod or 1T mg/mL
La, ,,Pr, ,sPO, HaHOCTEPXKHY 5354 of La,,Pr,,,PO, nanofiber samples showed little change
La, ,Pr, ,,PO, nanorods : in cell viability compared to incubation with the same NPs
1929 at the same concentrations without X-ray irradiation (Figs.
Lao‘%PromPO4 HaAHOBOJIOKHA 2025 4B-D and G-).
La, 5Pr,,,,PO, nanofibers Study of the type of cell death according to fluorescence
microscopy
conducted experiments was 8 Gy. As an additional control, To study the type of cytotoxicity under various

groups of Mh22a and L929 cells were irradiated with a  influences, the double staining method with fluorescent
UV lamp at 60 J/cm? for 8 min, which resulted in a strong  dyes of acridine orange (AO) and propidium iodide
decrease in viability (74% and 68%, respectively) (Fig. 4A  (Pl) with the subsequent fluorescence microscopy and
and 5A, respectively). morphological analysis were performed. The selected

The results of the MTT assay for the X-ray-induced  control groups of Mh22a and L929 cells from previous
cytotoxicity of the studied colloidal solutions on the experiments were studied: untreated, treated with X-ray in
viability of Mh22a cells demonstrate a significant decrease  mode 1 and mode 2, UV irradiated, incubated with 2 mg/
in viability only in the group of cells incubated with the ~ mL of the La_,.Pr, PO, nanorod sample without and with
sample of La,Pr,,,PO, nanofibers at a concentration of ~ X-ray treatment in mode 1 and mode 2, incubated with
2 mg/mL. In this case, the cell viability decreased by 28% 2 mg/mL of the La Pr, PO, nanofiber sample without

A B C D E F G H I J
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% =
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Puc. 4. Pesynbtatbl MTT TecTta no apPeKTy LUMTOTOKCUYHOCTU Ha KneTkn Mh22a (A-E) u L929 (F-J) npu pasnuyHbix BO3AENCTBUAX C
nocneaytouien MHKy6auuen B Te4eHnn 24 4. lpynnbl CTONGLOB COOTBETCTBYIOT Pa3/IMYHbIM KOHTPOJIbHbIM BbiGOpKam: A u F — otaenbHble
3 eKTbl: KOHTPOJIbHbIE KNETKHU (A, F*), KNeTKU 06Jly4eHHble peHTreHoM B pexkume 1 (A2, F2) u pexxume 2 (A3, F°), KneTku 061y4eHHble
Y® namnon (A%, F*); B u G — o6pasew HaHocTepikHe# La, Pr, PO, (1 mr/mn) 6e3 o6ny4eHus (B*, G') n ¢ 061y4eHMeM peHTreHoM B
pexume 1 (B2, G2) u pexxnme 2 (B?, G3); C n H — o6paseu HaHOBONOKOH La . Pr, PO, (1 Mmr/mn) 6e3 o6ny4enus (C*, H') n c o6nyyerHuem
peHTreHom B pexxume 1 (C?, H?) n pexkume 2 (C3, H3); D u | - o6paseu HaHocTepxHew La Pr, PO, (2 Mr/mn) 6e3 o6nyyenus (DY, 1) uc
o6nyyeHuem peHtreHom B pexkume 1 (D?, I°) u pexxume 2 (D3, I®); E n J — o6pasel, HaHOBONOKOH La . Pr, .PO, (2 Mr/mn) 6e3 o6nyuenus
(E%, J*) n c 06nyyeHuem peHTreHom B pexume 1 (E2, J?) u pexume 2 (E3, J3). * - P < 0.05

Fig. 4. MTT assay results on cytotoxicity effect on Mh22a (A-E) and L929 (F-J) cells under the influence of various treatments followed
by incubation for 24 hours. The groups of columns correspond to the different control groups: A - individual effects: control cells (A?, F*),
cells treated with X-ray mode 1 (A% F?) and mode 2 (A3, F?), cells irradiated with UV lamp (A%, F*); B - La . Pr, PO, nanorod sample (1
mg/mL) without (B*, G*) and with X-ray treatment in mode 1 (B?, G?) and mode 2 (B, G®); C and H - La_ ,,Pr, .PO, nanofiber sample (1
mg/mL) without (C*, H') and with X-ray treatment in mode 1 (C? H?) and 2 mode (C?, H®); D and I- La, Pr  ..PO, nanorod sample (2 mg/
mL) without (D%, I*) and with X-ray treatment in mode 1 (D? I?) and mode 2 (D3, I°); Eand J - La  .Pr  ,PO, nanofiber sample (2 mg/mL)
without (E?, J*) and with X-ray treatment in mode 1 (E?, J?) and mode 2 (E3, J3). * - P < 0.05
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and with treatment with X-ray in mode 1 and mode 2 (see
caption to Fig. 4A, D, E, F, I, J). The analysis of the number
of viable (VC), apoptotic (AC) and necrotic (NC) cells was
carried out according to their morphological features
described in the in vitro study methodology.

The untreated groups of Mh22a and L929 cells had
an intact membrane with uniform green staining of the
cytoplasm and nucleus (Fig. 5A). In addition, spotted
local orange fluorescence, which is more pronounced for
Mh22a cells is characteristic of AO associated with active
lysosomes or acidic cellular vesicles [14, 15]. The exposure
to X-rays at a dose of 8 Gray in mode 1 and 2 modes did
not lead to noticeable morphological changes in both cell

lines (Fig. 5B and C). Exposure of Mh22a and L929 to UV
irradiation caused a strong change in cell morphology
(Fig. 5D) indicating significant cell death with signs of
apoptosis. Most Mh22a cells exposed to UV had disrupted
membranes and a rounded shape with no evidence of
active lysosomes, and their nuclei were stained orange
(Fig. 5D, left side). However, in the case of L929, completely
green cells with apoptotic bodies around them were
observed (Fig. 5D, right side). This difference may be due
to different kinetics of apoptosis depending on the cell
line.

Images of Mh22a cells incubated with the nanorod and
nanofiber samples without exposure to X-rays (Fig. 5EandF,

Puc. 5. dnyopecueHTHble U306paXKeHUs pasnuyHbIX rpynn Knetok Mh22a (cnesa) n L929 (cnpaBa) OKpalleHHbIX aKpUAMHOBbLIM OpaH-
}KEeBbIM U Nponuaui noguaom (ysennuyenue: x400). A — KOHTPONbHas rpynna (6e3 AoNOoNHUTENIbHbIX BO34EeUCTBUI); B — 06nyvyeHne peHT-
reHom B pexume 1; C — 06/1y4eHne peHTreHom B pexume 2; D — o6nyyeHre YO namnoi; E — MHKy6aumus ¢ 2 Mr/my HaHOCTEPXKHEN

La, 4Pr, ,sPO,; F — MHKy6aums c 2 Mr/mn HaHOBOMOKOH La . Pr, .PO,; G — MHKYGaLus ¢ 2 Mr/m1 HaHOCTepXKHew La

0.05PT0.0sP0, ¥ 061y4e-
HUE PEHTreHOM B pexume 1; H — nHky6aums ¢ 2 mr/mn HaHoctepxHen La,  Pr, PO, u 061y4yeHne peHTreHoM B pexxume 2; | — uHKy6a-
LA ¢ 2 Mr/MJI HAHOBOJOKOH La  Pr,

PO, 1 065ly1eHne peHTreHoM B pexxnume 1; J — MHKy6auus ¢ 2 Mr/mn HaHOBOJIOKOH La . Pr, . .PO
Y 06/1y4eHMe PEHTreHOM B pexume 2.

Fig. 5. Fluorescence images of different groups of Mh22a (left) and L929 (right) cells stained with AO and Pl dyes (maghnification:
x400). A - control cells (untreated); B - irradiation with X-ray in mode 1; C - irradiation with X-ray in mode 2; D - irradiation with UV;
E - incubation with 2 mg/mL of La  Pr PO, nanorods; F - incubation with 2 mg/mL of La ,.Pr, .PO, nanofibers; G — incubation
with 2 mg/mL of La, . Pr, PO, nanorods and irradiation with X-ray in mode 1; H - incubation with 2 mg/mL of La, Pr, PO, nanorods
and irradiation with X-ray in mode 2; | — incubation with 2 mg/mL of La, Pr PO, nanofibers and irradiation with X-ray in mode 1; J -

incubation with 2 mg/mL of La_ Pr, .PO, nanofibers and irradiation with X-ray in mode 2.

4

20

BIOMEDICAL PHOTONICS T. 14, N2e3/2025



Shaidulin AT, Orlovskaya E.O., Uvarov 0.V., Silaev G.0., Skopin P.I., Gololobova |.A.,
Aioub A.A.-K., Yakobson D.E., Chernobay R.A., Vainer Y.G., Orlovskii Yu.V, Makhov V.N.
Experimental studies X-ray induced cytotoxicity of aqueous colloidal solutions of UV-C luminescent La, Pr PO, nanoparticles

left side, respectively) showed signs of apoptosis and, to
a lesser extent, signs of necrosis, but a fairly large number
of viable cells were preserved. Also, of note is the increase
in spotted local orange fluorescence, indicating higher
lysosomal activity of cells, possibly caused by oxidative
stress induced by NPs). In fact, NPs containing REls may
exhibit catalytic properties and participate in oxidation-
reduction reactions, causing cell death [16]. However,
the majority of cells were uniformly stained green by AO,
indicating the integrity of the cell membranes. For L929
cells incubated with the nanorod sample (Fig. 5E, right
side), a higher number of necrotic cells with red staining of
the nucleus and cytoplasm were observed. However, the
response of L929 cells to incubation with the nanofiber
sample (Fig. 5F, right side) resulted in an increase in the
number of AC with orange staining of nuclei or green
staining with apoptotic bodies around them.

Exposure to X-rays (in both irradiation modes) of Mh22a
cells incubated with the nanorod sample caused rounding
of some of the cells, single apoptotic and necrotic cells
were also observed (Fig. 5G, H, left side). For L929 cells
incubated with the nanorod sample and irradiated with
X-rays (in both modes), slightly higher numbers of necrotic
cells were observed (Fig. 5G, H, right side). In contrast,
in the groups of Mh22a cells incubated with 2 mg/mL
nanofiber and treated with X-rays in mode 1 and 2 (Fig.
51 and J, left side), a decrease in the number of VC and a
significantincrease in the number of AC was observed.The
apoptotic Mh22a cells were determined by the shrinkage
and rounding of cells and intense orange fluorescence
of the nucleus, which is caused by the destruction of the
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native DNA structure and the binding of DNA fragments
to AO dye. Single necrotic Mh22a cells, appearing as red
nucleus, were also seen in this case. Similar visual effects
were observed for L929 cells incubated with the nanofiber
sample and treated with X-rays in mode 1 and 2 (Fig. 5l
and J, right side). However, in the case of L929 cells, more
cells with apoptotic bodies around them were observed,
which again may be due to different apoptosis kinetics
depending on the cell line.

Based on morphological analysis of fluorescence
microscope images, statistics of the distribution of
viable (VC), apoptotic (AC) and necrotic (NC) cells were
obtained for Mh22a and L929 cell cultures (Fig. 6A and
B, respectively). In general, the pattern for X-ray and UV
(Fig. 6A%-A* B*-B*) exposure is similar for both types of
cell cultures and in good agreement with MTT results
(Fig. 4A, F). However, for Mh22a cells irradiated with a UV
lamp (Fig. 6A%), an almost complete absence of VC was
observed, which differs from the MTT results (Fig. 4A).
The obtained statistics on VC after incubation of cells with
NPs with or without subsequent X-ray irradiation (Fig.
6A>-A' and B*>-B') are also in good agreement with MTT
data (Fig. 4D, E, 1, J). Additionally, control groups of Mh22a
cells incubated with NPs solutions at a concentration of
2 mg/mL demonstrated higher cell survival according to
fluorescence microscopy data (Fig. 6A) compared to the
MTT assay (Fig. 4D, E). The observed differences in AC/
NC ratio between the UV irradiated control groups of the
Mh22a and L929 cell lines (Fig. A* and B* respectively)
are likely due to the faster kinetics of apoptosis for L929
cells, making them less distinguishable from necrotic cells.

oD - vC SY-AC BB N,
©7100

Statistics, % / Ctatuctuka

" B' B*B® B B° B° B’ B® B° B°

Puc. 6. Mopdonornyecknin aHanms usobpaxkeHui ¢ dpnyopecLeHTHOro MMKkpockona xusbix (VC), anontotuyeckux (AC) n meptebix (NC)
Knetok gna A — Mh22a u B — L929 KneTo4HbIX KynbTyp NPy pasfiUyHbiX BO34ENCTBUAX: KNETKU 6€3 JONONHUTENIbHbIX BO34ENCTBUN
(A%, BY), 06iy4eHue peHTreHoM B pexxkume 1 (A2, B2) u pexxume 2 (A3, B3), o6nydeHue YO namnoit (A4, B*), MHKy6aLusi KNETOK ¢ 2 Mr/Mn
HaHocTepxHen La Pr PO, 6e3 o6nydenns (A% B®) u c 06iyueHnem peHTreHom B pexxume 1 (A%, B®) u pexkume 2 (A7, B7), nHKyGauus
KNEeTOK € 2 Mr/Mn HaHOBOJIOKOH La PO, 6e3 06nyueHus (A%, B®) u ¢ o6ny4eHnem peHTreHom B pexxume 1 (A%, B®) u pexkume 2 (A,
B). * - P < 0.05

Fig. 6. Morphological analysis of fluorescence microscope images of viable (VC), apoptotic (AC) and necrotic and death (NC) cells for
A — Mh22a and B - L929 cell cultures under various influences: untreated cells (A*, B*), X-ray irradiation in mode 1 (A2, B?) and mode 2
(A%, B®), UV irradiation (A%, B?), incubation with 2 mg/mL of the La Pr PO, nanorod sample without (A°, B%) and with X-ray irradiation
in mode 1 (A%, B®) and mode 2 (A7, B”), incubation with 2 mg/mL of the La Pr, PO, nanofiber sample without (A%, B®) X-ray and with

X-ray irradiation in mode 1 (A°, B%) and mode 2 (A%, B®%). * - P <0.05 =

0.98Pr0.02
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The apoptotic cycle of Mh22a cells probably takes longer,
resulting in better distinguishability and an increased AC/
NC ratio.

The obtained statistics of morphological distributions
(Fig. 6) indicated a significant decrease in the survival
rate of the studied cell lines due to apoptosis after
incubation with the La,,Pr,,,PO, nanofiber sample (2
mg/mL) and irradiation with X-rays. This effect becomes
more noticeable when the cells are irradiated with X-rays
in mode 1 than in mode 2, which is consistent with the
MTT assay results (Fig. 4). In addition, the microscopy
results indicated a higher sensitivity of Mh22a cancer
cells to the studied effects compared to L929, which is
also in agreement with the MTT assay results (Fig. 4).
Unfortunately, the obtained statistics on the effect of
the La, ,.Pr, PO, nanorod sample (2 mg/mL) and X-ray
irradiation showed that the effect is practically absent for
both cell cultures (Fig. 6A>A’ and B*-B’), which is also in
full agreement with the results of the MTT assay (Fig. 4D, ).

Presumably, the decrease in viability of Mh22a and
L929 cells was influenced by UV-C generated by nanofiber
sample under the influence of X-rays, since in this case
cell apoptosis is observed. At the same time, other effects
acting on the cell under the influence of NPs reacting
with X-rays are also possible, for example, the formation
of secondary electrons by NPs or heating of NPs, which
can also lead to the deactivation of irradiated cells. The
mentioned catalytic activity of NPs doped with REI can
also enhance the effect of X-rays. Some studies also
report increased cytotoxicity due to apoptosis of NPs
with a positively charged surface [17, 18]. Thus, part of
the intrinsic cytotoxicity of nanofiber sample may be due
to the positively charged adsorption and diffusion layers
after washing with HNO, solution. In addition, nanorods
obtained in an alkaline medium with ammonium tartrate
solution can desorb molecules and ions under the
influence of X-rays, such as hydroxyl groups, ammonia
ions or tartaric acid residues, which can also lead to
additional cell death by necrosis. However, despite this, we
believe that the main cytotoxic effect was caused by UV-C
radiation, since in this case the morphology of the cells is
similar to cells irradiated with a UV lamp. Moreover, in [4]
it was shown that LuPO, NPs without an activator have
virtually no effect on X-ray-induced cytotoxicity relative to
LuPO,:Pr** NPs.

It should also be noted that for the successful use
of NPs in cancer therapy it is necessary to reduce the
concentration of the applied NPs and reduce the effect
of intrinsic necrosis. Therefore, more experiments on
optimization of synthesis and washing procedure of NPs
and their surface functionalization are required to further
improve their therapeutic potential. In addition, more
extensive studies are needed to examine the mechanisms
of cytotoxicity by which NPs act on different cell types
under different X-ray irradiation regimens.

Conclusion

Two colloidal solutions of La, PrPO, NPs with
nanofiber (length & diameter not larger than 600 &
15 nm, respectively) and nanorod (length & diameter
not larger than 80 & 10 nm, respectively) morphologies
were prepared by the hydrothermal microwave-
assisted method. Measurement of X-ray excited optical
luminescence spectra in the UV-C range from the
obtained colloidal solutions showed a large difference in
brightness: for larger NPs, the brightness was 6.3 times
higher.

According to the MTT assay, the prepared colloidal
solutions were classified as low-cytotoxic compounds
(IC50 > 2 mg/mL) for Mh22a and L929 cell lines. A
significant decrease in cell viability under the influence
of X-rays was achieved only for groups of cells incubated
with 2 mg/mL of colloidal solutions consisting of NPs
having nanofiber morphology with 2 mole-% doping
of Pr3* ions. After X-ray irradiation, groups of Mh22a
and L929 cells incubated with colloidal solutions of
La,Pr,,,PO, nanofiber NPs showed pronounced cell
apoptosis, which may indicate the successful effect of
UV-C quanta generated under the influence of X-rays
on controlled cell death. According to MTT assay and
fluorescence microscopy, the effect of X-ray-induced
NPs cytotoxicity is more pronounced for cancer cells and
increases with decreasing accelerating voltage of the
X-ray tube. Therefore, the potential for therapeutic use of
La, Pr PO, NPs has been shown. Unfortunately, the use
of NPs with nanorod morphology did not significantly
enhance the X-ray irradiation effect, indicating the
need to increase their X-ray excited UV-C brightness.
Fluorescence microscopy showed that the intrinsic and
X-ray induced cytotoxicity of La ,Pr PO, colloidal
solutions consisting of NPs with nanorod morphology
is mostly due to cell necrosis for L929 and Mh22a cell
lines. Further research is needed to clarify the cause and
type of cell death for various cell cultures incubated with
La, Pr PO, NPs and irradiated with X-rays. For medical
application of La, Pr PO, NPs, it is still necessary to
increase their UV-C luminescence intensity under X-ray
excitation and modify their surface, which should lead to
an increase in X-ray induced cytotoxicity, a decrease in
the practical concentration of the NPs in colloids, and a
decrease in intrinsic cytotoxicity.
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